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A B S T R A C T

Hyper Immunoglobulin M syndrome (HIGM) is a rare primary immunodeficiency disorder characterized by low
or absent levels of serum IgG, IgA, IgE and normal or increased levels of serum IgM. Various X-linked and
autosomal recessive/dominant mutations have been reported as the underlying cause of the disease. Based on
the underlying genetic defect, the affected patients present a variety of clinical manifestations including pul-
monary and gastrointestinal complications, autoimmune disorders, hematologic abnormalities, lymphoproli-
feration and malignancies which could be controlled by multiple relevant therapeutic approaches. Herein, the
epidemiology, pathogenesis, clinical manifestations, diagnosis, management, prognosis and treatment in pa-
tients with HIGM syndrome have been reviewed.

1. Introduction

Hyper-immunoglobulin M syndrome (HIGM) was first described in
1961 by Rosen et al. [1] and molecularly was defined in 1992 with a
report of a mutation in the CD40 ligand (CD40L) gene [2]. This syn-
drome is also known as immunoglobulin class switch recombination
(Ig-CSR) deficiencies. Ig-CSR deficiencies are a group of rare inherited
primary immunodeficiency disorders (PIDs) characterized by low or
absent serum levels of IgG, IgA and IgE, whereas the IgM concentration
is either normal or increased [3,4].

To date, in addition to CD40Lmutations in several genes responsible
for B cell signaling, Ig-CSR, somatic hypermutation and DNA repair
mechanism involved in presentation of HIGM phenotype, including
CD40L, CD40, nuclear factor-kappa-B essential modulator (NEMO/
IKKγ), inhibitor of kappa light chain gene enhancer in B cells, alpha
(IκBα), nuclear factor kappa-B subunit 1 (NKFB1), activation-induced
cytidine deaminase (AICDA), uracil-DNA glycosylase (UNG), ataxia
telangiectasia mutated (ATM), post meiotic segregation increased 2
(PMS2), MutS Homolog 6 (MSH6), MutS Homolog 2 (MSH2), INO80,
the gene encoding Nibrin/Nijmegen breakage syndrome 1 (NBS1/
NBN), meiotic recombination 11-Like Protein A (MRE11), recombina-
tion activating gene 2 (RAG2), phosphatidylinositol 3-kinase catalytic
delta (PIK3CD), phosphatidylinositol 3-kinase regulatory subunit 1

alpha (PIK3R1), tumor necrosis factor receptor superfamily member
13B (TACI/TNFRSF13B), inducible T-cell costimulator (ICOS), CD19, B
cell-activating factor receptor (BAFF-R/TNFRSF13C), LPS Responsive
Beige-Like Anchor Protein (LRBA), phospholipase C gamma-2 (PLCG2),
Bruton tyrosine kinase (BTK) and signaling lymphocyte activation
molecule-associated protein (SAP) [2,5–10]. Although less frequent
cases of the HIGM syndrome with autosomal recessive inheritance have
been reported in previous studies, the X-linked Hyper-IgM syndrome
(X-HIGM), which is caused by CD40L mutations, is the most common
form of HIGM and accounts for about 65–70% of all cases [3,11]. HIGM
predisposes affected individuals to recurrent and prolonged infections
including opportunistic infections, neutropenia, autoimmune disease
and cancer [12]. Immunoglobulin replacement is an effective treatment
for decreasing chronic infections in patients with HIGM, however in
patients with combined immunodeficiency hematopoietic stem cell
transplantation (HSCT) should be considered [13].

Patients with HIGM syndrome could have distinct clinical infectious
complications based on the genetic characteristic and exact type of the
syndrome, which makes it a challenge for clinicians and researchers.
Majority of autosomal forms of HIGM are presented as a typical hu-
moral PID; however the X-linked and autosomal dominant forms show
the spectrum of clinical manifestations similar to the combined im-
munodeficiency disorders [14]. Early diagnosis and appropriate
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management of HIGM patients would be performed more efficiently by
knowing the clinical phenotypes along with associated immunological
and genetic parameters.

2. Epidemiology

The prevalence of HIGM varies in different ethnicities across the
world. According to US X-HIGM registry, the prevalence of X-HIGM was
approximately 1 in 1,000,000 live births from 1984–1993 [15]. The
estimated frequency of CD40L deficiency is 2:1,000,000 in males [15].
Although there are few data available on the frequency of AICDA de-
ficiency, this disorder is estimated to affect less than 1:1,000,000 in-
dividuals [16]. Globally, all forms of HIGM constitute 0.3–2.9% of all
patients with PIDs. In 2014, a multicenter report on PID by Jeffrey
Modell Foundation (JMF) indicated ~880 HIgM patients (2.3% of
37,532 antibody deficient patients and 1.2% of all 77,193 PID patients).
In this report CD40L deficiency ranked as 28th frequent type of PID (372
patients, 42.2% of all HIgM patients, 272 patients from US) worldwide.
Of note, CD40 deficiency (92 patients, 71 patients from US) was more
common genetic defect compared to AID deficiency (81 patients, 71
patients from US), however majority of the CD40 deficient patients
have not been reported in details [17]. A study of 7430 PID patients
from the European Society for Immune Deficiency (ESID) demonstrated
that 3.08% of PID patients enrolled had CSR defects, the most prevalent
being CD40L deficiency with a frequency of 1.16% [18]. According to
the national registry in Spain, the incidence rate of all forms of HIGM is
1 per 20 million live births which X-HIGM represents about 65–70% of
all cases [19]. Studies are inadequate to provide racial and ethnic data
regarding X-HIGM incidence. The US X-HIGM registry reported the
racial background of 75 patients, as 52 of the patients were white, 12
were black, 9 were Asian, 1 was both black and Asian, and 1 was white
and Asian [15].

A retrospective study of the Registry of the ESID on 56 affected
males showed a 20% survival rate in individuals aged ~25 years [20].
The US X-HIGM Registry reported that 11 out of 61 surviving patients
were aged 20 years or older [15]. The leading cause of death was
pneumonia, encephalitis or malignancy. Other patients died of liver
failure secondary to sclerosing cholangitis and cirrhosis. We reported
the prevalence of HIGM in the third report of the national registry in
Iran in 28 cases (3.8 %) [12]. In a national study of morbidity and
mortality of 38 Iranian HIgM patients, 10-years survival rate was 67.8%
and the most common cause of death in HIgM patients is respiratory
failure [21].

3. Pathogenesis

Defective interaction of CD40L-CD40 between CD4+ T cells and
antigen presenting cells (APCs) is known as the underlying cause of
HIGM syndromes. CD40L-CD40 interaction is the first step in B cell
stimulation for class switch recombination (CSR) and somatic hyper
mutation (SHM) resulting in the generation of various Ig isotypes
[22–24]. All forms of HIGM syndromes are characterized by markedly
reduced serum levels of switched immunoglobulins with normal to in-
creased serum IgM as a result of defective CSR [25]. HIGM patients
indicate decreased numbers of isotype switched memory B cells along
with normal numbers of total B cells [26].

Except mutation in CD40 and CD40L genes, HIGM syndrome could
also be due to mutations in genes involved in signaling pathway and
DNA repair mechanism as above mentioned [4,5,7,14,27–32] (Fig. 1).
Except for the patients with PMS2 defects, ataxia telangiectasia (A-T)
and UNG deficiency and those with autosomal dominant mutation of
AICDA who have intact SHM, all other HIGM patients have defective
CSR and SHM [5,31,33,34]. Characteristics of mutations in genes af-
fected in HIGM phenotype are explained in the following sections.

3.1. CD40L and CD40 mutations

The most prevalent type of HIGM is the X-linked CD40L deficiency
accounting for almost 65–70 % of all cases, exclusively observed in
male subjects [24,35]. The CD40L gene is located at X chrmosome
[36,37] which encodes CD40L (CD154), a member of tumor necrosis
factor (TNF) family made-up of 3 functional domains: intracellular,
transmembrane and extracellular [38]. More than 100 unique muta-
tions including single amino acid substitutions, truncations, in-frame or
out-of-frame deletions, nonsense, missense, insertion and splice-site
mutations have been reported among X-HIGM patients (http://
structure.bmc.lu.se/idbase/CD40Lbase). These mutation mostly affect
the extracellular domain, resulting in a defective geometrical folding of
CD40L or preventing the CD40L/CD40 binding [6,15,39–42]. Ab-
normalities in the promoter region of the CD40L gene [43] have been
also identified to be responsible for X-HIGM [3]. Defective T cell co-
stimulation in CD40L-deficiency leads to combined T- (cellular) and B-
cell (humoral) immunodeficiency [24,44].

CD40, a unique receptor of CD40L, is a member of the TNF receptor
family that is expressed on APCs (B cells, monocytes, macrophages and
dendritic cells). CD40 deficiency is one of the autosomal recessive types
of HIGM syndromes [44,45]. Reported biallelic mutations in the gene
encoding CD40, consist of a single amino acid change in a highly
conserved area of an extra-cellular cysteine-rich domain, a 6-bp dele-
tion in exon 4 and a cryptic splice site resulting in skipping of exon 5
[29,46]. Therefore there are many underreported patients with CD40
deficiency according to IDbase (http://structure.bmc.lu.se/idbase/
CD40base) and JMF global report [17]. Similar to CD40L deficiency,
defects in CD40 also result in combined immunodeficiency.

3.2. AICDA and UNG mutations

B cell intrinsic defects including defects of AICDA and UNG genes
comprise two other autosomal recessive types of HIGM syndromes. AID
and UNG enzymes have a crucial role in CSR and SHM processes
[23,47]. AID generates deoxyuracils by deaminating deoxycytosine in
the switch regions of the immunoglobulin heavy chain genes during
CSR [48], afterwards, UNG removes deoxyuracils from DNA as a part of
generating double-strand breaks during Ig isotype switching, initiating
DNA repair pathway [49,50]. AICDA, the gene encoding AID and to
date, amino acid substitutions, premature stop codons and deletions
mostly in exon 3 have been reported as the homozygous mutations of
AICDA responsible for autosomal recessive HIGM affecting both CSR
and SHM [14,30]. Moreover, a heterozygous mutation in the C terminal
end of AICDA has been recently reported as the autosomal dominant
type of HIGM syndromes with intact SHM [34].

A compound heterozygous mutation of two frameshift variations, a
homozygous frameshift in exon 2 and a homozygous amino acid sub-
stitution (F251S) in UNG gene, all affecting glycosylase domain, have
been reported as mutations responsible for HIGM [31]. UNG deficient
patients present with normal numbers of CD19+ B cells, CD27+

memory B cells and normal T-cell immunity as well as AID deficient
patients [25].

3.3. PI3KR1 and PI3KCD mutations

PI3K(s) are a family of enzymes that participate in cellular functions
such as cell growth, proliferation, differentiation and survival. Class 1
PI3K enzymes are expressed in leukocytes and formed by a catalytic and
a regulatory subunit. CD40/CD40L interaction activate PI3K directly or
via GTP-ase RAC leading to increase reactive oxygen species generation
and controlling the expression of CD40 [51]. Recently heterozygous
gain-of-function mutations in the genes encoding p110-δ catalytic
(mainly affecting C2 and kinase domains) and p85-α regulatory (only
affecting ISH2 domains) subunits which are respectively responsible for
activated PI3K-delta syndrome (APDS) and SHORT syndrome, have
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been reported to be associated with HIGM phenotype [6,52–59].

3.4. NEMO and IKBA mutations

Proteasomal degradation of IκB kinase (IKK) complex (consisting of
2 catalytic proteins, IKKα and IKKβ) is provided by its phosphorylation
performed by NEMO, the regulatory subunit of IκB complex, allowing
nuclear translocation of NF-κB for downstream CD40/CD40L signaling
and PI3K activation [60]. Mutations in 2 genes can lead to NF-κB sig-
naling defects (NEMO and IKBA) affecting the epigenetic control of
protein profile expression required for CSR in activated B cells [61].

X-linked Anhidrotic (hypohydrotic) Ectodermal Dysplasia with
Immunodeficiency (EDA-ID) is considered as a syndrome associated
with HIGM caused by mutations in NEMO/IKKγ gene. NEMO gene is X-
linked and also EDA-ID exclusively affects males. A point mutation in
the C-terminal portion of the gene is reported to be the predominant
mutation in the affected patients leading to an abnormal expression of
multiple enzymes required for antibody switching such as AID and UNG
[44,62–65]. Autosomal dominant mutations of IKBA/IκBα, another
crucial factor in the process of downstream CD40 signaling have been
reported in a few patients presenting with HIGM phenotype [66–68].
Mutations of IKKγ and IκBα both result in blockage of NF-κB release into
the nucleus interfering with NF-κB and downstream CD40 signaling.
Thus, those patients with autosomal dominant mutations of IKBA re-
semble EDA-ID patients with NEMO mutations [41].

3.5. DNA repair genes mutations

PMS2, MSH2, MSH6 and INO80 are a component of mismatch re-
pair machinery involved in the CSR-induced generation of double-

strand DNA breaks in switch regions and abnormal formation of switch
junctions [5,10]. MRE11 and NBN genes encode proteins which make a
complex for detection and recruitment of DNA repair machinery during
CSR and activate ATM protein. Nijmegen breakage syndrome (NBS) is
an autosomal recessive chromosomal instability syndrome accom-
panied by immunodeficiency in the result of NBN deficiency, pre-
dominantly due to a truncating 5 base-pair (bp) deletion. Both humoral
and cellular immunity are defective in the affected patients [32,69].
MRE11 deficiency and ATM deficiency present as a syndromic PID,
Ataxia–telangiectasia (A-T), which is a neurodegenerative disease as-
sociated occasionally with HIGM. During the last decade, we and others
have reported A-T cases, in whom Ig CSR defect was indicated prior to
the neurological symptoms [7,70–72]. In our previous study performed
in 2017, we showed that 21.2% of AT patients revealed Ig CSR defect
[73].

3.6. Other mutations

HIGM phenotype could be observed in some antibody deficiency
disorders including mutations in BTK gene responsible for X-linked
agammaglobulinaemia (XLA) disease and SAP/SH2D1A gene associated
with X-linked lymphoproliferative (XLP) disease [42,74–76]. It is sup-
posed that the remaining patients with increased IgM levels who do not
have mutations affecting above mentioned genes, may be common
variable immunodeficiency (CVID) patients with mutations in
TNFRSF13B, TNFRSF13C, ICOS, CD19, LRBA, NFKB, VAV1 and PLCG2
genes which could lead to increased levels of serum IgM through de-
fective B-cell maturation as a result of dysfunctional CSR and SHM.
Other genes that are not yet identified could also be the underlying
cause of HIGM syndromes [8,42,76,77].

Fig. 1. Mutated genes and the affected pathways involved in HIGM syndrome. The mutated factors are tagged with stars. P indicates phosphorylation.
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4. Clinical manifestations

The majority of patients with HIGM syndrome present with a broad
spectrum of clinical manifestations even with a same genetic defects
[3]. They usually develop symptoms in infancy and second year of life,
including susceptibility to recurrent bacterial and opportunistic infec-
tions. Furthermore, these patients are prone to pulmonary complica-
tions, gastrointestinal manifestations, autoimmune disorders, hemato-
logic abnormalities, lymphoproloferation and malignancies.

4.1. Infections

The most prominent clinical feature observed in CD40L/CD40 de-
ficiencies is severe infection. The infections are caused by bacteria,
viruses, fungi and parasites. In a North American cohort study of 79 X-
HIGM, sinopulmonary infections (pneumonia 81%, upper respiratory
infections 49%, otitis media 43% and sinusitis 43%) were described as
the most frequent clinical manifestations among the affected patients
[15]. In another report of 56 X-HIGM patients by the European group,
infections were the leading clinical manifestations with upper and
lower respiratory tract infections being the most common complication
among them [20]. Other studies have also suggested sinopulmonary
infections as the leading feature among X-HIGM patients
[6,24,40,41,78–83]. Recurrent sinopulmonary infections are also pre-
sented in AID deficiency [40,84–86]. Patients with APDS also suffer
mainly from respiratory and gastrointestinal infections and less fre-
quently with bronchiectasis, skin infections and deep abscesses
[6,52–59].

Defects in CD40L/CD40 pathway in HIGM patients result in a
combined immune deficiency with a defect in immunoglobulin isotype
switching, subsequently susceptibility to opportunistic infections
[44,87]. According to European and US cohort, pathogens causing
opportunistic infections in these patients include Pneumocystis (carinii)
jiroveci, Bartonella, Herpes family viruses, Cryptosporidium parvum (in
exposure to contaminated drinking water [88]), Histoplasma [89–91],
Mycobacterium avium [92], Salmonella dublin [93], Cryptococcus neo-
formans, Leishmania [94] and Candida albicans [95,96]. Enteroviral
meningoencephalitis has also been presented among X-HIGM patients
[88,97]. In contrast to the CD40L- and CD40-deficient patients, the
susceptibility to opportunistic infections is much less frequent in AID-
and UNG-deficient patients [30,31,85], as a result of unaffected T-cell
immunity [98]. In a study of 29 patients with AID deficiency, central
nervous system infections including Haemophilus influenzae meningitis,
Herpes simplex virus (HSV) encephalitis and meningitis with no identi-
fied microorganism were diagnosed [85]. Main germs in APDS patients
are also Streptococcus pneumonia and H.influenza, although suscept-
ibility to cytomegalovirus (CMV), Epstein–Barr virus (EBV) and Human
papillomavirus (HPV) also have been observed.

Respiratory tract complications due to recurrent infections are
commonly affected organ in patients with both X-linked and autosomal
recessive types of HIGM [81,87,88]. Pneumonia is the most common
cause of pulmonary complications among these patients
[40,79,81,83,99]. In a cohort study of 56 X-HIGM patients, 87.5% of
the patients suffered from upper respiratory tract infections (URTI),
followed by lower respiratory tract infections (LRTI) developing
bronchiectasis (82.5%), parenchymal (51.8%) and interstitial (39.3%)
infections. Interstitial pneumonia caused by P.carinii, CMV and adeno-
virus infections, C.neoformans lung infection and Mycobacterial pneu-
monia (caused by bacillus Calmette-Guѐrin, Mycobacterium bovis or
atypical Mycobacterium) are the other reported RTIs [20]. The most
common pathogens responsible for pneumonia according to a cohort
study of 28 X-HIGM Latin American patients were P.carinii, CMV,
Pseudomonas aeruginosa, Streptococcus spp., parainfluenza virus type II,
Aspergillus spp., M.pneumonia and Serratia marcescens [99]. According
to a report by Singleton et al., recurrent pneumonia predisposes the X-
HIGM patients to bronchiectasis [100]. Thus, early diagnosis and

management of recurrent/persistent pneumonia can help to prevent the
development of bronchiectasis which limits the success of HSCT [101].

Infectious gastrointestinal manifestations are the second most
common feature of the X-HIGM patients presenting with recurrent or
protracted diarrhea commonly due to organisms such as C.parvum,
Giardia lamblia, Salmonella spp. and Entamoeba histolytica
[6,15,20,78,79]. Other features include proctitis [2], oral ulcers asso-
ciated with neutropenia caused by defective CD40/CD40L interactions
and granulopoiesis [6,78,102–104], stomatitis [88], gingivitis and
perianal ulcers [20]. Sclerosing cholangitis may occur in associatuion
with C.parvum infection which may be the result of chronic diarrhea
[15] and could lead to cirrhosis with a risk of cholangiocarcinoma
[105,106] and liver, pancreas or biliary tree tumors [6,105]. Chronic
hepatitis (due to Hepatitis B virus, Hepatitis C virus and CMV [97]) and
liver cirrhosis with hepatic failure or severe cholestasis requiring liver
transplantation [20] are other infectious gastrointestinal complications
in HIGM. Gastrointestinal diseases are also presented less severely in
AID-deficient patients [40,86,88].

4.2. Autoimmunity and inflammatory disorders

The presence of autoimmune diseases in HIGM patients suggests the
improper maintenance of tolerance among these patients [97,107].
Autoimmunity occurs in all types of HIGM syndromes with variable
presentations based on the underlying genetic defect [97]. Autoimmune
complications frequently manifest in patients with AID (25%), NEMO
(23%), and CD40L (20%) defects [108]. In a study of 29 AID-deficient
patients, 6 cases manifested with autoimmunity or inflammation: dia-
betes mellitus, polyarthritis, autoimmune hepatitis, hemolytic anemia,
immune thrombocytopenia, Crohn’s disease and chronic uveitis [85]. In
a cohort study by Levy et al., inflammatory disorders such as ser-
onegative arthritis, inflammatory bowel disease, thrombocytopenia and
autoimmune hemolytic anemia were identified [20]. Coombs positive
hemolytic anemia and nephritis [107], autoimmune hepatitis, hy-
pothyroidism and discoid lupus erythematous, inflammatory bowel
disease (IBD), and rheumatoid arthritis (RA) are the other autoimmune
complications manifested among patients with defective CD40/CD40L
signaling [44,91,109,110]. Other uncommon autoimmune diseases in-
cluding autoimmune retinopathy have also been indicated in associa-
tion with CD40L deficiency [111]. Management of autoimmunity in
HIGM patients, needs special considerations because dysregulations
and dysfunctions of the immune system along with persistent in-
flammation impair the process of diagnosis and treatment [112].

4.3. Lymphoproliferation and malignancies

Patients with AID and UNG deficiency and APDS syndrome usually
present with enlarged lymph nodes and hepatosplenomegaly during
early childhood due to over-activated germinal centers
[14,31,40,55,88]. In a study of 29 AID-deficient patients, lymphoid
hyperplasia was characterized by hyperplasia of peripheral lymph
nodes in 45% as well as mesenteric lymph nodes, mediastinal lymph
nodes, spleen, liver and tonsils [85]. Lymphoproliferation significantly
increases the risk of lymphoma in patients with APDS [6,52–59,113].

Lymphadenopathy is a clinical feature manifested among X-HIGM
patients [20]. Of note affected patients also have a higher risk of de-
veloping lymphoma [105]. However, adenocarcinoma of the gastro-
intestinal tract [114] particularly liver malignancies such as hepato-
cellular carcinoma, bile duct carcinoma and biliary tree tumors are
common complications presented in adolescent and young adults which
account for approximately 25% of mortality associated with X-HIGM
[15,24,105,115]. Although neuroendocrine carcinoma is a rare tumor,
patients with CD40L/CD40 deficiency are predisposed to develop this
tumor [15,115]. Neuroendocrine carcinoma is mostly localized to the
appendix and colon, but it can also locate at extra-appendicular sites
[116]. Following the X-HIGM patients may lead to earlier detection of
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neuroendocrine carcinoma [115]. Cooke et al. reported that CD40L-
positive tumors have both lower grade and stage. Moreover, Hussain
et al. noted that the expression of CD40L in transitional cell carcinoma
of the bladder (TCC) is associated with better outcome [117]. Some
studies suggest that the CD40L may be a potential anti-tumor agent
[118–121]. ATM, NBS1 and PMS2 are involved in DNA repair me-
chanisms, thus patients with genetic defects in the mentioned DNA-
repair components are susceptible to malignancies mainly lymphoma
[5,7,122].

4.4. Other complications

Osteopenia is another clinical feature which is observed in affected
patients. Spontaneous rib fractures without antecedent trauma have
been manifested among X-HIGM patients. CD40L-deficient patients
have significantly lower bone mineral density (BMD) as a result of os-
teoclastogenesis and increased osteoclastic activity. It is suggested that
defective INF-γ secretion by the activated T-cells due to defective T-
cell/APC interaction may be responsible for osteopenia among the af-
fected patients [15,123].

Major clinical manifestations and the related underlying genetic
defects with uncommon HIGM phenotype are summarized in Table 1.

5. Diagnosis of HIGM syndromes

5.1. Clinical diagnosis

Generally, detection of immunoglobulin levels, distribution of
lymphocyte subsets, detection of CD40 and CD40L markers on activated
CD4+ T cells and B cells, family history and genomic sequencing should
be taken into account for the diagnosis of HIGM syndrome. Based on the
latest European Society for Immunodeficiencies (ESID) criteria, HIGM
syndrome is diagnosed by at least one of the following: increased sus-
ceptibility to infections, immune dysregulation, cytopenia, malignancy,
and affected family member. In addition, significant decrease of IgG,
normal or elevated IgM, exclusion causes of hypogammaglobulinemia.
Although ESID criteria also recommend excluding DNA repair defects
from HIGM by exclusion of profound T-cell deficiency and ataxia tel-
angiectasia (http://esid.org/Working-Parties/Registry/Diagnosis-
criteria) all other syndromic PID and combined immunodeficiency
should be considered in the diagnosis of HIGM disease using an un-
biased molecular diagnosis [8]. Positive family history with early death
in male members may lead to earlier diagnosis of X-linked syndromes
like CD40L or NEMO deficiencies and parental consanguinity may
suggest an autosomal recessive form of the HIGM [8,78].

5.2. Detailed immunologic and laboratory diagnosis

Some differential clue during the process of diagnosis could be
helpful including neutropenia in X-HIGM patients, increased radio-
sensitivity in patients with patients with DNA repair defects and ele-
vated serum level of alpha fetoprotein in ATM deficiency. AID- and
UNG-deficient patients have normal numbers of CD27+ memory B
cells, however, patients with CD40 and CD40L deficiency have re-
markably reduced numbers of switched memory B cells and normal
counts of peripheral blood B cells [14]. Peripheral blood T cells, CD4+

and CD8+ T cell subsets and T cell proliferation are all within normal
limits in AID- and UNG-deficient patients [2,20,26,29,124], but an-
tigen-induced T cell proliferation is defective in some of X-HIGM pa-
tients [125]. Expression level of activated PI3K signaling products (e.g
phosphorylated AKT and phosphorylated S6) can be diagnostic in pa-
tients with APDS [6,52–59].

The lack of CD40L expression on activated CD4+ T cells [126] and
platelets [127] is typically assessed by activation of T cells [23] and
peripheral blood mononuclear cells [128] with phytohaemagglutinin
(PHA), phorbol myristate acetate [23] and ionomycin [128] followed

by flow cytometric analysis [23]. However, it is not a reliable diagnostic
tool for all CD40L-deficient patients mainly with hupomorphic missense
mutaitons [3]. Flow cytometric screening method fails to identify pa-
tients even with in-frame deletions/insertions [83]. Thus, detection of
the soluble CD40-Ig fusion protein, on the other hand, identifies the
majority of the patients with X-HIGM [42]. Cytofluorimetric analysis
can also be used for demonstrating the lack of CD40 expression at B cell
surface. However, the possibility of false-positive results should be re-
garded, as monoclonal antibodies against CD40 may also recognize the
expressed mutant CD40 at cell surface or even expressed CD40 with
defective function due to heterozygous mutations of CD40 gene all re-
sulting in a HIGM phenotype [129]. Some patients with CVID demon-
strate decreased or absent CD40L expression which may be mistaken for
X-HIGM, therefore genetic evaluation should be complemented to this
evaluation [130]. This can be performed by amplification of CD40L
exons and the flanking intron regions by primer sequences and PCR or
using a targeted gene panel or high-throughput sequencing [80,115].
The later method can molecularly identified other types of HIGM as
well as AID and UNG deficiencies and APDS within a same time-frame.

6. Management of HIGM syndromes

There are multiple therapeutic approaches to control the compli-
cations of HIGM syndromes, including immunoglobulin replacement
therapy, antimicrobial therapy, monitoring of the patients for liver
function, G-CSF (Granulocyte-colony stimulating factor), CD40-agonist
therapy, immune-suppressive therapy, HSCT and gene therapy.

Infections as the major complications in HIGM syndrome are treated
and controlled by conventional courses of antibiotics [131]. According
to the susceptibility of CD40L/CD40-deficient patients to opportunistic
infections, they should receive prophylactic P.carinii treatment with
oral trimotheprim sulfamethoxazole or intravenous/inhaled pentami-
dine [5]. Prolonged courses of antibiotics and antifungal agents may be
required for severe conditions. Patients with protracted diarrhea posi-
tive for cryptosporidium parasite need antibiotic treatment (nitazox-
anide and azithromycin), nutritional support or parenteral nutrition
[132], close follow-up and infection management [133]. Intravenous or
subcutaneous immunoglobulin replacement therapy should be started
at the time of diagnosis. It is suggested that regular infusion of 400–600
mg/kg/month of preparations [134] could result in decreased severity
and frequency of infections [2], reduced antibiotic usage, decreased
frequency of hospitalization, improved pulmonary function, and im-
proved growth and quality of life [135]. In case of chronic diarrhea and
severe pulmonary complications (e.g. bronchiectasis) the dose of im-
munoglobulin replacement should be adjusted using through level
measurement [136,137].

Immune-suppressive therapy could be considered as an approach for
patients with autoimmune and inflammatory disorders. In a cohort
study of AID-deficient HIgM patients, 6 out of 29 patients suffered from
autoimmune and related inflammatory disorders which were well
controlled in 3 of the patients with immunosuppressive therapy in-
cluding corticosteroid therapy, cyclophosphamide and cyclosporine
[85]. Lymphoproliferation of APDS patients can be controlled with
Rapamycin, inhibitor of downstream PI3K effector mTOR pathway, but
it seems less effective on bowel inflammation and cytopenia of these
patients [113]. Regarding neutropenia, which is commonly observed in
the patients with CD40L deficiency, it could effectively be treated with
GCSF [138].

According to the importance of liver diseases’ prevention, careful
monitoring of the liver and biliary tract is important which may require
ultrasound examinations and biopsies [25]. Regularly monitoring for
liver enzymes and eosinophil counts by applying sensitive methods
such as PCR-based amplification of stool DNA and microscopy of bile
fluid [139] is very important. Sclerosing cholangitis and cryptosporidium
infection are highly associated [129] and both can diminish the rate of
a successful HSCT [133]. In this regard, it is recommended hygienic
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measures including the use of boiled or filtered water and administra-
tion of anti-cryptosporidium drugs could be applied for prevention of this
parasite infection [25,129]. A liver transplant can be effective for the
patients with liver failure such as sclerosing cholangitis and cirrhosis
[140].

Despite the infection management among the X-HIGM patients, the
morbidity and mortality rates are high among the patients, thus HSCT is
believed to be the mainstay of therapy, especially for those with a full-
match donor [20,101]. However, it seems to be less effective for au-
tosomal recessive CD40-deficient patients, since it restores CD40 ex-
pression only for hematopoietic stem cell–derived cell lineages and not
for other CD40-expressing cell types [25]. It has been shown that pre-
existing hepatic [129] and pulmonary complications [23] (e.g.
bronchiectasis [141]), mismatched unrelated donor, reactivation of
cryptosporidium and grade 2–4 graft versus host disease (GVHD) [142]
limit the success and can increase the risk of fatal outcome post-
transplantation. Therefore, using more sensitive techniques for careful
detection of cryptosporidium carriage and infection [129,133], mon-
itoring the liver status using biochemical analysis and ultrasound [133]
and administration of methylprednisolone and cyclosporine-A for
GVHD-prevention [81] can lead to the better management of high-risk
patients and improved outcomes. HSCT is a method of choice in major
DNA repair defects presenting with combined immunodeficiency but
not syndromic PIDs.

The success of gene therapy in the treatment of X-linked severe
combined immunodeficiency disease (X-SCID) and adenosine deami-
nase deficient (ADA) SCID is a stimulus for the treatment of other im-
mune deficiency diseases including HIGM syndromes [143–146]. Up to
now, gene therapy for HIGM syndromes seems to be more complicated
than that of X-SCID, as the expression of the CD40L gene is highly
regulated, current methods of gene transfer result in constitutive gene
expression, which may be harmful [3,147].

7. Prognosis

Prognosis of HIGM syndromes is highly related to the underlying
molecular defect. Earlier management with immunoglobulin replace-
ment therapy and antibiotic prophylaxis could improve the quality of
life in patients by reducing the incidence of life-threatening infections.
However, it is not effective in the prevention of hepatic and hemato-
logic complications, including cancers [20]. According to previous
studies, the overall prognosis among CD40L-deficient HIGM patients is
poor, with an overall survival rate of 28.2% at age 40 years in one study
and an average of 20% survival by age 25 years in another study with
liver disease is a significant predictor of overall survival
[15,40,41,83,105,148,149], nevertheless allogeneic HSCT before the
onset of severe liver disorders can cure the disease [150], HLA-identical
donor and liver transplantation in end-stage chronic liver disease [140],
as well as early age at transplantation [148,149], are associated with
better prognosis and survival of these patients.

Outcomes of HSCT in CD40-deficiency HIGM is not clearly obvious,
as a result of the rarity of CD40-deficiency and lower numbers of CD40-
deficient patients who have been treated with HSCT, however end-
organ damage reduces the possibility of successful HSCT, thus asso-
ciated with a higher mortality rate among these patients. Nevertheless,
it is recommended to consider HSCT for CD40-deficient patients with
the HLA-identical donor as severe infections and liver damage could
lead to the poor prognosis of the CD40-deficient patients same as
CD40L-deficient ones [151,152]. The only available curative option for
APDS patients are also HSCT with positive outcome in 87.5% of pa-
tients [113]. In contrast to CD40L- and CD40-deficiency with defective
cellular and humoral immunity, other forms of HIGM syndromes have a
better prognosis as a result of intact cellular immunity and better pro-
tection against the infections [153].

8. Conclusion

HIGM phenotype could be observed in different monogenic im-
munodeficiency disorders, demonstrating the importance of molecular
investigations for genes responsible for the CSR defects. The major
prevalent genes involved in patients with HIGM phenotype include
CD40L, CD40 and AICDA, however defect of other genes also can be
helpful for targeted treatment and adjutant managements particularly
in APDS and DNA repair defects. Detection of the underlying causes
could be involved in better diagnosis and management of this disease.
Altogether, the presence of various clinical and immunologic manifes-
tations and prognosis in patients with HIGM indicates that it is neces-
sary to identify the exact pathogenesis punctually at the time of diag-
nosis.

Conflicts of interest

The authors declare that they have no conflict of interest.

Funding

There is no funding source.

References

[1] F.S. Rosen, S.V. Kevy, E. Merler, C.A. Janeway, D. Gitlin, Recurrent bacterial in-
fections and dysgamma-globulinemia: deficiency of 7S gamma-globulins in the
presence of elevated 19S gamma-globulins. Report of two cases, Pediatrics 28
(1961) 182–195.

[2] L.D. Notarangelo, M. Duse, A.G. Ugazio, Immunodeficiency with hyper-IgM
(HIM), Immunodeficiency Rev. 3 (1992) 101–121.

[3] N. Qamar, R.L. Fuleihan, The hyper IgM syndromes, Clin. Rev. Allergy Immunol.
46 (2014) 120–130.

[4] M.E. Conley, M. Larche, V.R. Bonagura, A.R. Lawton 3rd, R.H. Buckley, S.M. Fu,
E. Coustan-Smith, H.G. Herrod, D. Campana, Hyper IgM syndrome associated with
defective CD40-mediated B cell activation, J. Clin. Invest. 94 (1994) 1404–1409.

[5] S. Péron, A. Metin, P. Gardès, M.-A. Alyanakian, E. Sheridan, C.P. Kratz,
A. Fischer, A. Durandy, Human PMS2 deficiency is associated with impaired im-
munoglobulin class switch recombination, J. Exp. Med. 205 (2008) 2465–2472.

[6] E.A. Leven, P. Maffucci, H.D. Ochs, P.R. Scholl, R.H. Buckley, R.L. Fuleihan,
R.S. Geha, C.K. Cunningham, F.A. Bonilla, M.E. Conley, R.M. Ferdman,
V. Hernandez-Trujillo, J.M. Puck, K. Sullivan, E.A. Secord, M. Ramesh,
C. Cunningham-Rundles, Hyper IgM Syndrome: a Report from the USIDNET
Registry, J. Clin. Immunol. 36 (2016) 490–501.

[7] J.G. Noordzij, N.M. Wulffraat, A. Haraldsson, I. Meyts, L.J. van't Veer,
F.B. Hogervorst, A. Warris, C.M. Weemaes, Ataxia-telangiectasia patients pre-
senting with hyper-IgM syndrome, Arch. Dis. Childhood 94 (2009) 448–449.

[8] H. Abolhassani, A. Aghamohammadi, M. Fang, N. Rezaei, C. Jiang, X. Liu, Q. Pan-
Hammarstrom, L. Hammarstrom, Clinical implications of systematic phenotyping
and exome sequencing in patients with primary antibody deficiency, Genet. Med.:
Offl. J. Am. Coll. Med. Genet. (2018) (Epub ahead of print).

[9] J. Chou, R. Hanna-Wakim, I. Tirosh, J. Kane, D. Fraulino, Y.N. Lee, S. Ghanem,
I. Mahfouz, A. Megarbane, G. Lefranc, A. Inati, G. Dbaibo, S. Giliani,
L.D. Notarangelo, R.S. Geha, M.J. Massaad, A novel homozygous mutation in re-
combination activating gene 2 in 2 relatives with different clinical phenotypes:
Omenn syndrome and hyper-IgM syndrome, J. Aller. Clin. Immunol. 130 (2012)
1414–1416.

[10] C. Picard, H. Bobby Gaspar, W. Al-Herz, A. Bousfiha, J.L. Casanova, T. Chatila,
Y.J. Crow, C. Cunningham-Rundles, A. Etzioni, J.L. Franco, S.M. Holland, C. Klein,
T. Morio, H.D. Ochs, E. Oksenhendler, J. Puck, M.L.K. Tang, S.G. Tangye,
T.R. Torgerson, K.E. Sullivan, International union of immunological societies:
2017 primary immunodeficiency diseases committee report on inborn errors of
immunity, J. Clin. Immunol. 38 (2018) 96–128.

[11] R. Fuleihan, N. Ramesh, R. Loh, H. Jabara, R.S. Rosen, T. Chatila, S.M. Fu,
I. Stamenkovic, R.S. Geha, Defective expression of the CD40 ligand in X chro-
mosome-linked immunoglobulin deficiency with normal or elevated IgM, Proc.
Natl. Acad. Sci. USA. 90 (1993) 2170–2173.

[12] A. Aghamohammadi, P. Mohammadinejad, H. Abolhassani, B. Mirminachi,
M. Movahedi, M. Gharagozlou, N. Parvaneh, V. Zeiaee, B. Mirsaeed-Ghazi,
Z. Chavoushzadeh, A. Mahdaviani, M. Mansouri, S. Yousefzadegan, B. Sharifi,
F. Zandieh, E. Hedayat, A. Nadjafi, R. Sherkat, B. Shakerian, M. Sadeghi-
Shabestari, R.F. Hosseini, F. Jabbari-Azad, H. Ahanchian, F. Behmanesh,
M. Zandkarimi, A. Shirkani, T. Cheraghi, A. Fayezi, I. Mohammadzadeh, R. Amin,
S. Aleyasin, M. Moghtaderi, J. Ghaffari, S. Arshi, N. Javahertrash, M. Nabavi,
M.H. Bemanian, A. Shafiei, N. Kalantari, A. Ahmadiafshar, H.A. Khazaei,
L. Atarod, N. Rezaei, Primary immunodeficiency disorders in Iran: update and new
insights from the third report of the national registry, J. Clin. Immunol. 34 (2014)
478–490.

R. Yazdani et al. Clinical Immunology 198 (2019) 19–30

26

http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0005
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0005
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0005
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0005
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0010
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0010
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0015
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0015
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0020
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0020
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0020
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0025
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0025
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0025
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0030
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0030
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0030
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0030
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0030
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0035
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0035
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0035
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0040
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0040
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0040
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0040
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0045
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0050
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0055
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0055
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0055
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0055
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0060


[13] G. Azizi, H. Abolhassani, M.H. Asgardoon, J. Rahnavard, M.Z. Dizaji, R. Yazdani,
J. Mohammadi, A. Aghamohammadi, The use of Immunoglobulin Therapy in
Primary Immunodeficiency Diseases, Endocr. Metab. Immun. Disord. Drug Targets
16 (2016) 80–88.

[14] P. Revy, T. Muto, Y. Levy, F. Geissmann, A. Plebani, O. Sanal, N. Catalan,
M. Forveille, R. Dufourcq-Labelouse, A. Gennery, I. Tezcan, F. Ersoy, H. Kayserili,
A.G. Ugazio, N. Brousse, M. Muramatsu, L.D. Notarangelo, K. Kinoshita, T. Honjo,
A. Fischer, A. Durandy, Activation-induced cytidine deaminase (AID) deficiency
causes the autosomal recessive form of the Hyper-IgM syndrome (HIGM2), Cell
102 (2000) 565–575.

[15] J.A. Winkelstein, M.C. Marino, H. Ochs, R. Fuleihan, P.R. Scholl, R. Geha,
E.R. Stiehm, M.E. Conley, The X-linked hyper-IgM syndrome: clinical and im-
munologic features of 79 patients, Medicine 82 (2003) 373–384.

[16] G. Lanzi, S. Ferrari, M. Vihinen, S. Caraffi, N. Kutukculer, L. Schiaffonati,
A. Plebani, L.D. Notarangelo, A.M. Fra, S. Giliani, Different molecular behavior of
CD40 mutants causing hyper-IgM syndrome, Blood 116 (2010) 5867–5874.

[17] V. Modell, M. Knaus, F. Modell, C. Roifman, J. Orange, L.D. Notarangelo, Global
overview of primary immunodeficiencies: a report from Jeffrey Modell Centers
worldwide focused on diagnosis, treatment, and discovery, Immunol. Res. 60
(2014) 132–144.

[18] B. Gathmann, B. Grimbacher, J. Beaute, Y. Dudoit, N. Mahlaoui, A. Fischer,
V. Knerr, G. Kindle, E.R.W. Party, The European internet-based patient and re-
search database for primary immunodeficiencies: results 2006–2008, Clin. Exp.
Immunol. 157 (Suppl. 1) (2009) 3–11.

[19] N. Matamoros Flori, J. Mila Llambi, T. Espanol Boren, S. Raga Borja, G. Fontan
Casariego, Primary immunodeficiency syndrome in Spain: first report of the
National Registry in Children and Adults, J. Clin. Immunol. 17 (1997) 333–339.

[20] J. Levy, T. Espanol-Boren, C. Thomas, A. Fischer, P. Tovo, P. Bordigoni, I. Resnick,
A. Fasth, M. Baer, L. Gomez, E.A. Sanders, M.D. Tabone, D. Plantaz, A. Etzioni,
V. Monafo, M. Abinun, L. Hammarstrom, T. Abrahamsen, A. Jones, A. Finn,
T. Klemola, E. DeVries, O. Sanal, M.C. Peitsch, L.D. Notarangelo, Clinical spectrum
of X-linked hyper-IgM syndrome, J. Pediatr. 131 (1997) 47–54.

[21] H. Abolhassani, F. Akbari, B. Mirminachi, S. Bazregari, E. Hedayat, N. Rezaei,
A. Aghamohammadi, Morbidity and mortality of Iranian patients with hyper IgM
syndrome: a clinical analysis, Iran. J. Immunol.: IJI 11 (2014) 123–133.

[22] A. Durandy, S. Kracker, Immunoglobulin class-switch recombination deficiencies,
Arthritis Res. Ther. 14 (2012) 218.

[23] E.G. Davies, A.J. Thrasher, Update on the hyper immunoglobulin M syndromes,
Br. J. Haematol. 149 (2010) 167–180.

[24] H.Y. Tsai, H.H. Yu, Y.H. Chien, K.H. Chu, Y.L. Lau, J.H. Lee, L.C. Wang,
B.L. Chiang, Y.H. Yang, X-linked hyper-IgM syndrome with CD40LG mutation: two
case reports and literature review in Taiwanese patients, J. Microbiol. Immunol.
Infect. 48 (2015) 113–118.

[25] A. Etzioni, H.D. Ochs, The hyper IgM syndrome–an evolving story, Pediatr. Res. 56
(2004) 519–525.

[26] K. Agematsu, H. Nagumo, K. Shinozaki, S. Hokibara, K. Yasui, K. Terada,
N. Kawamura, T. Toba, S. Nonoyama, H.D. Ochs, A. Komiyama, Absence of IgD-
CD27(+) memory B cell population in X-linked hyper-IgM syndrome, J. Clin.
Invest. 102 (1998) 853–860.

[27] R.L. Fuleihan, The X-linked hyperimmunoglobulin M syndrome, Semin. Hematol.
35 (1998) 321–331.

[28] A. Durandy, C. Hivroz, F. Mazerolles, C. Schiff, F. Bernard, E. Jouanguy, P. Revy,
J.P. DiSanto, J.F. Gauchat, J.Y. Bonnefoy, J.L. Casanova, A. Fischer, Abnormal
CD40-mediated activation pathway in B lymphocytes from patients with hyper-
IgM syndrome and normal CD40 ligand expression, J. Immunol. 158 (1997)
2576–2584.

[29] S. Ferrari, S. Giliani, A. Insalaco, A. Al-Ghonaium, A.R. Soresina, M. Loubser,
M.A. Avanzini, M. Marconi, R. Badolato, A.G. Ugazio, Y. Levy, N. Catalan,
A. Durandy, A. Tbakhi, L.D. Notarangelo, A. Plebani, Mutations of CD40 gene
cause an autosomal recessive form of immunodeficiency with hyper IgM, Proc.
Natl. Acad. Sci. USA. 98 (2001) 12614–12619.

[30] Y. Minegishi, A. Lavoie, C. Cunningham-Rundles, P.M. Bedard, J. Hebert, L. Cote,
K. Dan, D. Sedlak, R.H. Buckley, A. Fischer, A. Durandy, M.E. Conley, Mutations in
activation-induced cytidine deaminase in patients with hyper IgM syndrome, Clin.
Immunol. 97 (2000) 203–210.

[31] K. Imai, G. Slupphaug, W.I. Lee, P. Revy, S. Nonoyama, N. Catalan, L. Yel,
M. Forveille, B. Kavli, H.E. Krokan, H.D. Ochs, A. Fischer, A. Durandy, Human
uracil-DNA glycosylase deficiency associated with profoundly impaired im-
munoglobulin class-switch recombination, Nat. Immunol. 4 (2003) 1023–1028.

[32] B. Piatosa, M. van der Burg, K. Siewiera, M. Pac, J.J. van Dongen, A.W. Langerak,
K.H. Chrzanowska, E. Bernatowska, The defect in humoral immunity in patients
with Nijmegen breakage syndrome is explained by defects in peripheral B lym-
phocyte maturation, Cytometry. Part A: J. Int. Soc. Anal. Cytol. 81 (2012)
835–842.

[33] Q. Pan-Hammarstrom, S. Dai, Y. Zhao, I.F. van Dijk-Hard, R.A. Gatti,
A.L. Borresen-Dale, L. Hammarstrom, ATM is not required in somatic hypermu-
tation of VH, but is involved in the introduction of mutations in the switch mu
region, J. Immunol. 170 (2003) 3707–3716.

[34] K. Imai, Y. Zhu, P. Revy, T. Morio, S. Mizutani, A. Fischer, S. Nonoyama,
A. Durandy, Analysis of class switch recombination and somatic hypermutation in
patients affected with autosomal dominant hyper-IgM syndrome type 2, Clin.
Immunol. 115 (2005) 277–285.

[35] R. Yazdani, H. Abolhassani, F. Kiaee, S. Habibi, G. Azizi, M. Tavakol,
Z. Chavoshzadeh, S.A. Mahdaviani, T. Momen, M. Gharagozlou, M. Movahedi,
A.A. Hamidieh, N. Behniafard, M. Nabavi, M.H. Bemanian, S. Arshi, R. Molatefi,
R. Sherkat, A. Shirkani, R. Amin, S. Aleyasin, R. Faridhosseini, F. Jabbari-Azad,

I. Mohammadzadeh, J. Ghaffari, A. Shafiei, A. Kalantari, M. Mansouri,
M. Mesdaghi, D. Babaie, H. Ahanchian, M. Khoshkhui, H. Soheili, M.H. Eslamian,
T. Cheraghi, S. Dabbaghzadeh, M. Tavassoli, R.N. Kalmarzi, S.H. Mortazavi,
S. Kashef, H. Esmaeilzadeh, J. Tafaroji, A. Khalili, F. Zandieh, M. Sadeghi-
Shabestari, S. Darougar, F. Behmanesh, H. Akbari, M. Zandkarimi,
F. Abolnezhadian, A. Fayezi, M. Moghtaderi, A. Ahmadiafshar, B. Shakerian,
V. Sajedi, B. Taghvaei, M. Safari, M. Heidarzadeh, B. Ghalebaghi, S.M. Fathi,
B. Darabi, S. Bazregari, N. Bazargan, M. Fallahpour, A. Khayatzadeh,
N. Javahertrash, B. Bashardoust, M. Zamani, A. Mohsenzadeh, S. Ebrahimi,
S. Sharafian, A. Vosughimotlagh, M. Tafakoridelbari, M. Rahim, P. Ashournia,
A. Razaghian, A. Rezaei, A. Samavat, S. Mamishi, H.A. Khazaei, J. Mohammadi,
B. Negahdari, N. Parvaneh, N. Rezaei, V. Lougaris, S. Giliani, A. Plebani,
H.D. Ochs, L. Hammarstrom, A. Aghamohammadi, Comparison of common
monogenic defects in a large predominantly antibody deficiency cohort, J. Allergy
Clin. Immunol. (2018) (In practice, Epub ahead of print).

[36] A. Villa, L.D. Notarangelo, J.P. Di Santo, P.P. Macchi, D. Strina, A. Frattini,
F. Lucchini, C.M. Patrosso, S. Giliani, E. Mantuano, et al., Organization of the
human CD40L gene: implications for molecular defects in X chromosome-linked
hyper-IgM syndrome and prenatal diagnosis, Proc. Natl. Acad. Sci. USA. 91 (1994)
2110–2114.

[37] D. Graf, U. Korthauer, H.W. Mages, G. Senger, R.A. Kroczek, Cloning of TRAP, a
ligand for CD40 on human T cells, Eur. J. Immunol. 22 (1992) 3191–3194.

[38] L.D. Notarangelo, G. Lanzi, S. Peron, A. Durandy, Defects of class-switch re-
combination, J. Allergy Clin. Immunol. 117 (2006) 855–864.

[39] R.Q. Cron, CD154 transcriptional regulation in primary human CD4 T cells,
Immunol. Res. 27 (2003) 185–202.

[40] O. Cabral-Marques, S. Klaver, L.F. Schimke, E.H. Ascendino, T.A. Khan,
P.V. Pereira, A. Falcai, A. Vargas-Hernandez, L. Santos-Argumedo, L. Bezrodnik,
I. Moreira, G. Seminario, D. Di Giovanni, A.G. Raccio, O. Porras, C.W. Weber,
J.F. Ferreira, F.S. Tavares, E. de Carvalho, C.F. Valente, G. Kuntze, M. Galicchio,
A. King, N.A. Rosario-Filho, M.B. Grota, M.M. dos Santos Vilela, R.S. Di Gesu,
S. Lima, L. de Souza Moura, E. Talesnik, E. Mansour, P. Roxo-Junior, J.C. Aldave,
E. Goudouris, F. Pinto-Mariz, L. Berron-Ruiz, T. Staines-Boone, W.O. Calderon,
M. del Carmen Zarate-Hernandez, A.S. Grumach, R. Sorensen, A. Durandy,
T.R. Torgerson, B.T. Carvalho, F. Espinosa-Rosales, H.D. Ochs, A. Condino-Neto,
First report of the Hyper-IgM syndrome Registry of the Latin American Society for
Immunodeficiencies: novel mutations, unique infections, and outcomes, J. Clin.
Immunol. 34 (2014) 146–156.

[41] W.-I. Lee, J.-L. Huang, K.-W. Yeh, M.-J. Yang, M.-C. Lai, L.-C. Chen, L.-S. Ou, T.-
C. Yao, S.-J. Lin, T.-H. Jaing, Clinical features and genetic analysis of Taiwanese
patients with the hyper IgM syndrome phenotype, Pediatr. Infect. Dis. J. 32 (2013)
1010–1016.

[42] W.-I. Lee, T.R. Torgerson, M.J. Schumacher, L. Yel, Q. Zhu, H.D. Ochs, Molecular
analysis of a large cohort of patients with the hyper immunoglobulin M (IgM)
syndrome, Blood 105 (2005) 1881–1890.

[43] E. Van Hoeyveld, P.X. Zhang, K. De Boeck, R. Fuleihan, X. Bossuyt, Hyper-im-
munoglobulin M syndrome caused by a mutation in the promotor for CD40L,
Immunology 120 (2007) 497–501.

[44] V. Lougaris, R. Badolato, S. Ferrari, A. Plebani, Hyper immunoglobulin M syn-
drome due to CD40 deficiency: clinical, molecular, and immunological features,
Immunol. Rev. 203 (2005) 48–66.

[45] L.A. Vogel, R.J. Noelle, CD40 and its crucial role as a member of the TNFR family,
Semin. immunol. 10 (1998) 435–442.

[46] N. Kutukculer, D. Moratto, Y. Aydinok, V. Lougaris, S. Aksoylar, A. Plebani,
F. Genel, L.D. Notarangelo, Disseminated cryptosporidium infection in an infant
with hyper-IgM syndrome caused by CD40 deficiency, J. Pediatr. 142 (2003)
194–196.

[47] A. Durandy, P. Revy, A. Fischer, Hyper-immunoglobulin-M syndromes caused by
an intrinsic B cell defect, Curr. Opin. Allergy Clin. Immunol. 3 (2003) 421–425.

[48] J. Chaudhuri, M. Tian, C. Khuong, K. Chua, E. Pinaud, F.W. Alt, Transcription-
targeted DNA deamination by the AID antibody diversification enzyme, Nature
422 (2003) 726–730.

[49] M.M. Sousa, H.E. Krokan, G. Slupphaug, DNA-uracil and human pathology, Mol.
Asp. Med. 28 (2007) 276–306.

[50] L.D. Notarangelo, G. Lanzi, P. Toniati, S. Giliani, Immunodeficiencies due to de-
fects of class-switch recombination, Immunol. Res. 38 (2007) 68–77.

[51] Y.J. Ha, H.J. Seul, J.R. Lee, Ligation of CD40 receptor in human B lymphocytes
triggers the 5-lipoxygenase pathway to produce reactive oxygen species and ac-
tivate p38 MAPK, Exp. Mol. Med. 43 (2011) 101–110.

[52] M.C. Crank, J.K. Grossman, S. Moir, S. Pittaluga, C.M. Buckner, L. Kardava,
A. Agharahimi, H. Meuwissen, J. Stoddard, J. Niemela, H. Kuehn,
S.D. Rosenzweig, Mutations in PIK3CD can cause hyper IgM syndrome (HIGM)
associated with increased cancer susceptibility, J. Clin. Immunol. 34 (2014)
272–276.

[53] I. Angulo, O. Vadas, F. Garcon, E. Banham-Hall, V. Plagnol, T.R. Leahy,
H. Baxendale, T. Coulter, J. Curtis, C. Wu, K. Blake-Palmer, O. Perisic, D. Smyth,
M. Maes, C. Fiddler, J. Juss, D. Cilliers, G. Markelj, A. Chandra, G. Farmer,
A. Kielkowska, J. Clark, S. Kracker, M. Debre, C. Picard, I. Pellier, N. Jabado,
J.A. Morris, G. Barcenas-Morales, A. Fischer, L. Stephens, P. Hawkins, J.C. Barrett,
M. Abinun, M. Clatworthy, A. Durandy, R. Doffinger, E.R. Chilvers, A.J. Cant,
D. Kumararatne, K. Okkenhaug, R.L. Williams, A. Condliffe, S. Nejentsev,
Phosphoinositide 3-kinase delta gene mutation predisposes to respiratory infection
and airway damage, Science 342 (2013) 866–871.

[54] S. Kracker, J. Curtis, M.A. Ibrahim, A. Sediva, J. Salisbury, V. Campr, M. Debre,
J.D. Edgar, K. Imai, C. Picard, J.L. Casanova, A. Fischer, S. Nejentsev, A. Durandy,
Occurrence of B-cell lymphomas in patients with activated phosphoinositide 3-

R. Yazdani et al. Clinical Immunology 198 (2019) 19–30

27

http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0065
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0065
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0065
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0065
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0070
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0075
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0075
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0075
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0080
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0080
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0080
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0085
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0085
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0085
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0085
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0090
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0090
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0090
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0090
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0095
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0095
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0095
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0100
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0100
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0100
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0100
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0100
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0105
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0105
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0105
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0110
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0110
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0115
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0115
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0120
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0120
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0120
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0120
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0125
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0125
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0130
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0130
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0130
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0130
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0135
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0135
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0140
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0140
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0140
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0140
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0140
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0145
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0145
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0145
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0145
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0145
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0150
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0150
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0150
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0150
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0155
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0155
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0155
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0155
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0160
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0160
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0160
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0160
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0160
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0165
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0165
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0165
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0165
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0170
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0170
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0170
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0170
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0175
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0180
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0180
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0180
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0180
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0180
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0185
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0185
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0190
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0190
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0195
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0195
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0200
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0205
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0205
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0205
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0205
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0210
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0210
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0210
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0215
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0215
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0215
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0220
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0220
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0220
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0225
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0225
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0230
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0230
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0230
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0230
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0235
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0235
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0240
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0240
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0240
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0245
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0245
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0250
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0250
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0255
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0255
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0255
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0260
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0260
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0260
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0260
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0260
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0265
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0270
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0270
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0270


kinase delta syndrome, J. Allergy Clin. Immunol. 134 (2014) 233–236.
[55] S. Petrovski, R.E. Parrott, J.L. Roberts, H. Huang, J. Yang, B. Gorentla,

T. Mousallem, E. Wang, M. Armstrong, D. McHale, Dominant splice site mutations
in PIK3R1 cause hyper IgM syndrome, lymphadenopathy and short stature, J. Clin.
Immunol. 36 (2016) 462–471.

[56] V. Lougaris, F. Faletra, G. Lanzi, D. Vozzi, A. Marcuzzi, E. Valencic, E. Piscianz,
A. Bianco, M. Girardelli, M. Baronio, Altered germinal center reaction and ab-
normal B cell peripheral maturation in PI3KR1-mutated patients presenting with
HIGM-like phenotype, Clin. Immunol. 159 (2015) 33 (Orlando, Fla.).

[57] M.B. García-Morato, S. García-Miñaúr, J.M. Garicano, F.S. Simarro, L.D.P. Molina,
E. López-Granados, A.F. Cerdán, R.R. Pena, Mutations in PIK3R1 can lead to
APDS2 SHORT syndrome or a combination of the two, Clin. Immunol. 179 (2017)
77–80.

[58] M.-C. Deau, L. Heurtier, P. Frange, F. Suarez, C. Bole-Feysot, P. Nitschke,
M. Cavazzana, C. Picard, A. Durandy, A. Fischer, A human immunodeficiency
caused by mutations in the PIK3R1 gene, J. Clin. invest. 124 (2014) 3923–3928.

[59] C.L. Lucas, H.S. Kuehn, F. Zhao, J.E. Niemela, E.K. Deenick, U. Palendira,
D.T. Avery, L. Moens, J.L. Cannons, M. Biancalana, J. Stoddard, W. Ouyang,
D.M. Frucht, V.K. Rao, T.P. Atkinson, A. Agharahimi, A.A. Hussey, L.R. Folio,
K.N. Olivier, T.A. Fleisher, S. Pittaluga, S.M. Holland, J.I. Cohen, J.B. Oliveira,
S.G. Tangye, P.L. Schwartzberg, M.J. Lenardo, G. Uzel, Dominant-activating
germline mutations in the gene encoding the PI(3)K catalytic subunit p110delta
result in T cell senescence and human immunodeficiency, Nat. Immunol. 15
(2014) 88–97.

[60] Q. Li, I.M. Verma, NF-κB regulation in the immune system, Nat. Rev. Immunol. 2
(2002) 725.

[61] D. Bhattacharya, D.U. Lee, W.C. Sha, Regulation of Ig class switch recombination
by NF-kappaB: retroviral expression of RelB in activated B cells inhibits switching
to IgG1, but not to IgE, Int. Immunol. 14 (2002) 983–991.

[62] A. Jain, C.A. Ma, S. Liu, M. Brown, J. Cohen, W. Strober, Specific missense mu-
tations in NEMO result in hyper-IgM syndrome with hypohydrotic ectodermal
dysplasia, Nat. Immunol. 2 (2001) 223–228.

[63] M. Abinun, Ectodermal dysplasia and immunodeficiency, Arch. Dis. child. 73
(1995) 185.

[64] J. Zonana, M.E. Elder, L.C. Schneider, S.J. Orlow, C. Moss, M. Golabi, S.K. Shapira,
P.A. Farndon, D.W. Wara, S.A. Emmal, B.M. Ferguson, A novel X-linked disorder of
immune deficiency and hypohidrotic ectodermal dysplasia is allelic to incon-
tinentia pigmenti and due to mutations in IKK-gamma (NEMO), Am. J. Hum.
Genet. 67 (2000) 1555–1562.

[65] R. Doffinger, A. Smahi, C. Bessia, F. Geissmann, J. Feinberg, A. Durandy,
C. Bodemer, S. Kenwrick, S. Dupuis-Girod, S. Blanche, P. Wood, S.H. Rabia,
D.J. Headon, P.A. Overbeek, F. Le Deist, S.M. Holland, K. Belani,
D.S. Kumararatne, A. Fischer, R. Shapiro, M.E. Conley, E. Reimund, H. Kalhoff,
M. Abinun, A. Munnich, A. Israel, G. Courtois, J.L. Casanova, X-linked anhidrotic
ectodermal dysplasia with immunodeficiency is caused by impaired NF-kappaB
signaling, Nat. Genet. 27 (2001) 277–285.

[66] G. Courtois, A. Smahi, J. Reichenbach, R. Döffinger, C. Cancrini, M. Bonnet,
A. Puel, C. Chable-Bessia, S. Yamaoka, J. Feinberg, A hypermorphic IκBα mutation
is associated with autosomal dominant anhidrotic ectodermal dysplasia and T cell
immunodeficiency, J. Clin. Invest. 112 (2003) 1108–1115.

[67] E. Lopez-Granados, J.E. Keenan, M.C. Kinney, H. Leo, N. Jain, C.A. Ma,
R. Quinones, E.W. Gelfand, A. Jain, A novel mutation in NFKBIA/IKBA results in a
degradation-resistant N-truncated protein and is associated with ectodermal dys-
plasia with immunodeficiency, Human Mutat. 29 (2008) 861–868.

[68] R. Janssen, A. van Wengen, M.A. Hoeve, M. ten Dam, M. van der Burg, J. van
Dongen, E. van de Vosse, M. van Tol, R. Bredius, T.H. Ottenhoff, C. Weemaes,
J.T. van Dissel, A. Lankester, The same IκBα mutation in two related individuals
leads to completely different clinical syndromes, J. Exp. Med. 200 (2004)
559–568.

[69] R. Varon, C. Vissinga, M. Platzer, K.M. Cerosaletti, K.H. Chrzanowska, K. Saar,
G. Beckmann, E. Seemanova, P.R. Cooper, N.J. Nowak, M. Stumm, C.M. Weemaes,
R.A. Gatti, R.K. Wilson, M. Digweed, A. Rosenthal, K. Sperling, P. Concannon,
A. Reis, Nibrin, a novel DNA double-strand break repair protein, is mutated in
Nijmegen breakage syndrome, Cell 93 (1998) 467–476.

[70] A. Etzioni, A. Ben-Barak, S. Peron, A. Durandy, Ataxia-telangiectasia in twins
presenting as autosomal recessive hyper-immunoglobulin M syndrome, Isr. Med.
Assoc. J. 9 (2007) 406–407.

[71] A. Aghamohammadi, K. Imai, K. Moazzami, H. Abolhassani, M. Tabatabaeiyan,
N. Parvaneh, R. Nasiri Kalmarzi, N. Nakagawa, K. Oshima, O. Ohara,
S. Nonoyama, N. Rezaei, Ataxia-telangiectasia in a patient presenting with hyper-
immunoglobulin M syndrome, J. Investig. Allergol. Clin. Immunol. 20 (2010)
442–445.

[72] P. Mohammadinejad, H. Abolhassani, A. Aghamohammadi, S. Pourhamdi,
S. Ghosh, B. Sadeghi, R. Nasiri Kalmarzi, A. Durandy, A. Borkhardt, Class switch
recombination process in ataxia telangiectasia patients with elevated serum levels
of IgM, J. Immunoassay Immunochem. 36 (2015) 16–26.

[73] S. Ghiasy, L. Parvaneh, G. Azizi, G. Sadri, M. Zaki Dizaji, H. Abolhassani,
A. Aghamohammadi, The clinical significance of complete class switching defect
in Ataxia telangiectasia patients, Expert Rev. Clin. Immunol. 13 (2017) 499–505.

[74] M. Morra, O. Silander, S. Calpe, M. Choi, H. Oettgen, L. Myers, A. Etzioni,
R. Buckley, C. Terhorst, Alterations of the X-linked lymphoproliferative disease
geneSH2D1A in common variable immunodeficiency syndrome, Blood 98 (2001)
1321–1325.

[75] T. Ohzeki, K. Hanaki, H. Motozumi, H. Ohtahara, H. Hayashibara, Y. Harada,
M. Okamoto, K. Shiraki, Y. Tsuji, H. Emura, Immunodeficiency with increased
immunoglobulin M associated with growth hormone insufficiency, Acta

Paediatrica 82 (1993) 620–623.
[76] H.D. Ochs, Molecular Analysis of a Large Cohort of Patients with the Hyper IgM

Syndrome (HIGM).
[77] K. Warnatz, L. Bossaller, U. Salzer, A. Skrabl-Baumgartner, W. Schwinger, M. van

der Burg, J.J. van Dongen, M. Orlowska-Volk, R. Knoth, A. Durandy, Human ICOS
deficiency abrogates the germinal center reaction and provides a monogenic
model for common variable immunodeficiency, Blood 107 (2006) 3045–3052.

[78] L.L. Wang, W. Zhou, W. Zhao, Z.Q. Tian, W.F. Wang, X.F. Wang, T.X. Chen,
Clinical features and genetic analysis of 20 Chinese patients with X-linked hyper-
IgM syndrome, J. Immunol. Res. 2014 (2014) 683160.

[79] A. Aghamohammadi, N. Parvaneh, N. Rezaei, K. Moazzami, S. Kashef,
H. Abolhassani, A. Imanzadeh, J. Mohammadi, L. Hammarström, Clinical and
laboratory findings in hyper-IgM syndrome with novel CD40L and AICDA muta-
tions, J. Clin. Immunol. 29 (2009) 769.

[80] Y. An, J. Xiao, L. Jiang, X. Yang, J. Yu, X. Zhao, Clinical and molecular char-
acterization of X-linked hyper-IgM syndrome patients in China, Scand. J.
Immunol. 72 (2010) 50–56.

[81] W.J. Tang, Y.F. An, R.X. Dai, Q.H. Wang, L.P. Jiang, X.M. Tang, X.Q. Yang, J. Yu,
W.W. Tu, X.D. Zhao, Clinical, molecular, and T cell subset analyses in a small
cohort of Chinese patients with hyper-IgM syndrome type 1, Hum. Immunol. 75
(2014) 633–640.

[82] S. Danielian, M. Oleastro, M.E. Rivas, C. Cantisano, M. Zelazko, Clinical follow-up
of 11 Argentinian CD40L-deficient patients with 7 unique mutations including the
so-called “milder” mutants, J. Clin. Immunol. 27 (2007) 455–459.

[83] M. Madkaikar, M. Gupta, S. Chavan, K. Italia, M. Desai, R. Merchant,
N. Radhakrishnan, K. Ghosh, X-linked hyper IgM syndrome: clinical, im-
munological and molecular features in patients from India, Blood Cells Mol. Dis.
53 (2014) 99–104.

[84] A. Durandy, P. Revy, K. Imai, A. Fischer, Hyper-immunoglobulin M syndromes
caused by intrinsic B-lymphocyte defects, Immunol. Rev. 203 (2005) 67–79.

[85] P. Quartier, J. Bustamante, O. Sanal, A. Plebani, M. Debré, A. Deville, J. Litzman,
J. Levy, J.-P. Fermand, P. Lane, Clinical, immunologic and genetic analysis of 29
patients with autosomal recessive hyper-IgM syndrome due to activation-induced
cytidine deaminase deficiency, Clin. Immunol. 110 (2004) 22–29.

[86] H. Ouadani, I. Ben-Mustapha, M. Ben-Ali, L. Ben-Khemis, B. Larguèche,
R. Boussoffara, S. Maalej, I. Fetni, S. Hassayoun, A. Mahfoudh, Novel and re-
current AID mutations underlie prevalent autosomal recessive form of HIGM in
consanguineous patients, Immunogenetics 68 (2016) 19–28.

[87] R.L. Fuleihan, The hyper IgM syndrome, Curr. Allergy Asthma Rep. 1 (2001)
445–450.

[88] H.D. Ochs, Patients with abnormal IgM levels: assessment, clinical interpretation,
and treatment, Ann. Allergy Asthma Immunol. 100 (2008) 509–511.

[89] E.P. Hanson, L. Monaco-Shawver, L.A. Solt, L.A. Madge, P.P. Banerjee, M.J. May,
J.S. Orange, Hypomorphic nuclear factor-kappaB essential modulator mutation
database and reconstitution system identifies phenotypic and immunologic di-
versity, J. Allergy Clin. Immunol. 122 (2008) 1169–1177 e1116.

[90] F. Blaeser, M. Kelly, K. Siegrist, G.A. Storch, R.S. Buller, J. Whitlock, N. Truong,
T.A. Chatila, Critical function of the CD40 pathway in parvovirus B19 infection
revealed by a hypomorphic CD40 ligand mutation, Clin. Immunol. 117 (2005)
231–237.

[91] K. Seyama, R. Kobayashi, H. Hasle, A.J. Apter, J.C. Rutledge, D. Rosen, H.D. Ochs,
Parvovirus B19-induced anemia as the presenting manifestation of X-linked hyper-
IgM syndrome, J. Infect. Dis. 178 (1998) 318–324.

[92] T. Hayashi, S.P. Rao, P.R. Meylan, R.S. Kornbluth, A. Catanzaro, Role of CD40
ligand in Mycobacterium avium infection, Infect. Immun. 67 (1999) 3558–3565.

[93] I. Marriott, T.G. Hammond, E.K. Thomas, K.L. Bost, Salmonella efficiently enter
and survive within cultured CD11c+ dendritic cells initiating cytokine expression,
Eur. J. Immunol. 29 (1999) 1107–1115.

[94] C. Retini, A. Casadevall, D. Pietrella, C. Monari, B. Palazzetti, A. Vecchiarelli,
Specific activated T cells regulate IL-12 production by human monocytes stimu-
lated with Cryptococcus neoformans, J. Immunol. 162 (1999) 1618–1623.

[95] M.G. Netea, J.W. Meer, I. Verschueren, B.J. Kullberg, CD40/CD40 ligand inter-
actions in the host defense against disseminated Candida albicans infection: the
role of macrophage-derived nitric oxide, Eur. J. Immunol. 32 (2002) 1455–1463.

[96] O. Cabral-Marques, C. Arslanian, R.N. Ramos, M. Morato, L. Schimke, P.V. Soeiro
Pereira, S. Jancar, J.F. Ferreira, C.W. Weber, G. Kuntze, N.A. Rosario-Filho,
B.T. Costa Carvalho, P.C. Bergami-Santos, M.J. Hackett, H.D. Ochs,
T.R. Torgerson, J.A. Barbuto, A. Condino-Neto, Dendritic cells from X-linked
hyper-IgM patients present impaired responses to Candida albicans and
Paracoccidioides brasiliensis, J. Allergy Clin. Immunol. 129 (2012) 778–786.

[97] A.A. Jesus, A.J. Duarte, J.B. Oliveira, Autoimmunity in hyper-IgM syndrome, J.
Clin. Immunol. 28 (Suppl. 1) (2008) S62–S66.

[98] K. Imai, N. Catalan, A. Plebani, L. Marodi, O. Sanal, S. Kumaki, V. Nagendran,
P. Wood, C. Glastre, F. Sarrot-Reynauld, O. Hermine, M. Forveille, P. Revy,
A. Fischer, A. Durandy, Hyper-IgM syndrome type 4 with a B lymphocyte-intrinsic
selective deficiency in Ig class-switch recombination, J. Clin. Investig. 112 (2003)
136–142.

[99] M.C. Guerra-Maranhao, B.T. Costa-Carvalho, V. Nudelman, P. Barros-Nunes,
M.M. Carneiro-Sampaio, C. Arslanian, A.T. Nagao-Dias, D. Sole, Response to
polysaccharide antigens in patients with ataxia-telangiectasia, J. Pediatr. (Rio J)
82 (2006) 132–136.

[100] R. Singleton, A. Morris, G. Redding, J. Poll, P. Holck, P. Martinez, D. Kruse,
L.R. Bulkow, K.M. Petersen, C. Lewis, Bronchiectasis in Alaska Native children:
causes and clinical courses, Pediatr. Pulmonol. 29 (2000) 182–187.

[101] D. Nandan, V.K. Nag, N. Trivedi, S. Singh, X-linked hyper-IgM syndrome with
bronchiectasis, J. Lab. Physicians 6 (2014) 114–116.

R. Yazdani et al. Clinical Immunology 198 (2019) 19–30

28

http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0270
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0275
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0275
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0275
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0275
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0280
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0280
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0280
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0280
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0285
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0285
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0285
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0285
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0290
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0290
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0290
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0295
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0300
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0300
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0305
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0305
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0305
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0310
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0310
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0310
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0315
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0315
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0320
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0320
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0320
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0320
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0320
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0325
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0330
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0330
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0330
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0330
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0335
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0335
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0335
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0335
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0340
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0340
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0340
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0340
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0340
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0345
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0345
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0345
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0345
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0345
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0350
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0350
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0350
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0355
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0355
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0355
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0355
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0355
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0360
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0360
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0360
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0360
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0365
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0365
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0365
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0370
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0370
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0370
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0370
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0375
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0375
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0375
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0375
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0380
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0380
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0380
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0380
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0385
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0385
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0385
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0390
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0390
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0390
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0390
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0395
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0395
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0395
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0400
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0400
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0400
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0400
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0405
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0405
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0405
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0410
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0410
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0410
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0410
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0415
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0415
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0420
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0420
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0420
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0420
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0425
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0425
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0425
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0425
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0430
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0430
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0435
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0435
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0440
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0440
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0440
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0440
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0445
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0445
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0445
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0445
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0450
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0450
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0450
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0455
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0455
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0460
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0460
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0460
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0465
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0465
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0465
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0470
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0470
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0470
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0475
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0480
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0480
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0485
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0485
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0485
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0485
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0485
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0490
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0490
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0490
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0490
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0495
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0495
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0495
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0500
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0500


[102] B. Uygungil, F. Bonilla, H. Lederman, Evaluation of a patient with hyper-IgM
syndrome, J. Allergy Clin. Immunol. 129 (2012) 1692–1693 e1694.

[103] I. Mavroudi, H.A. Papadaki, The role of CD40/CD40 ligand interactions in bone
marrow granulopoiesis, Scient. World J. 11 (2011) 2011–2019.

[104] A. Solanilla, J. Déchanet, A. El Andaloussi, M. Dupouy, F. Godard, J. Chabrol,
P. Charbord, J. Reiffers, A.T. Nurden, B. Weksler, CD40-ligand stimulates myelo-
poiesis by regulating flt3-ligand and thrombopoietin production in bone marrow
stromal cells, Blood 95 (2000) 3758–3764.

[105] A.R. Hayward, J. Levy, F. Facchetti, L. Notarangelo, H.D. Ochs, A. Etzioni,
J.Y. Bonnefoy, M. Cosyns, A. Weinberg, Cholangiopathy and tumors of the pan-
creas, liver, and biliary tree in boys with X-linked immunodeficiency with hyper-
IgM, J. Immunol. 158 (1997) 977–983.

[106] F. Rodrigues, E.G. Davies, P. Harrison, J. McLauchlin, J. Karani, B. Portmann,
A. Jones, P. Veys, G. Mieli-Vergani, N. Hadzic, Liver disease in children with
primary immunodeficiencies, J. Pediatr. 145 (2004) 333–339.

[107] M. Herve, I. Isnardi, Y.S. Ng, J.B. Bussel, H.D. Ochs, C. Cunningham-Rundles,
E. Meffre, CD40 ligand and MHC class II expression are essential for human per-
ipheral B cell tolerance, J. Exp. Med. 204 (2007) 1583–1593.

[108] G. Azizi, M. Ahmadi, H. Abolhassani, R. Yazdani, H. Mohammadi, A. Mirshafiey,
N. Rezaei, A. Aghamohammadi, Autoimmunity in primary antibody deficiencies,
Int. Arch. Allergy Immunol. 171 (2016) 180–193.

[109] S. Lacroix-Desmazes, I. Resnick, D. Stahl, L. Mouthon, T. Espanol, J. Levy,
S.V. Kaveri, L. Notarangelo, M. Eibl, A. Fischer, H. Ochs, M.D. Kazatchkine,
Defective self-reactive antibody repertoire of serum IgM in patients with hyper-
IgM syndrome, J. Immunol. 162 (1999) 5601–5608.

[110] G. Azizi, A. Ghanavatinejad, H. Abolhassani, R. Yazdani, N. Rezaei, A. Mirshafiey,
A. Aghamohammadi, Autoimmunity in primary T-cell immunodeficiencies, Expert
Rev. Clin. Immunol. 12 (2016) 989–1006.

[111] A. Schuster, E. Apfelstedt-Sylla, C.M. Pusch, E. Zrenner, C.E. Thirkill, Autoimmune
retinopathy with RPE hypersensitivity and ‘negative ERG’in X-linked hyper-IgM
syndrome, Ocular Immunol. Inflam. 13 (2005) 235–243.

[112] G. Azizi, V. Ziaee, M. Tavakol, T. Alinia, R. Yazdai, H. Mohammadi,
H. Abolhassani, A. Aghamohammadi, Approach to the management of auto-
immunity in primary immunodeficiency, Scand. J. Immunol. 85 (2017) 13–29.

[113] M.E. Maccari, H. Abolhassani, A. Aghamohammadi, A. Aiuti, O. Aleinikova, C.
Bangs, S. Baris, F. Barzaghi, H. Baxendale, M. Buckland, S.O. Burns, C. Cancrini, A.
Cant, P. Cathebras, M. Cavazzana, A. Chandra, F. Conti, T. Coulter, L.A. Devlin, J.
D.M. Edgar, S. Faust, A. Fischer, M. Garcia-Prat, L. Hammarstrom, M. Heeg, S.
Jolles, E. Karakoc-Aydiner, G. Kindle, A. Kiykim, D. Kumararatne, B. Grimbacher,
H. Longhurst, N. Mahlaoui, T. Milota, F. Moreira, D. Moshous, A. Mukhina, O.
Neth, B. Neven, A. Nieters, P. Olbrich, A. Ozen, J. Pachlopnik Schmid, C. Picard, S.
Prader, W. Rae, J. Reichenbach, S. Rusch, S. Savic, A. Scarselli, R. Scheible, A.
Sediva, S.O. Sharapova, A. Shcherbina, M. Slatter, P. Soler-Palacin, A. Stanislas, F.
Suarez, F. Tucci, A. Uhlmann, J. van Montfrans, K. Warnatz, A.P. Williams, P.
Wood, S. Kracker, A.M. Condliffe, S. Ehl, Disease evolution and response to ra-
pamycin in activated phosphoinositide 3-kinase delta syndrome: The European
Society for Immunodeficiencies-activated phosphoinositide 3-kinase delta syn-
drome registry, Front. Immunol., 9 (2018) 543.

[114] R.K. Malhotra, W. Li, Poorly differentiated gastroenteropancreatic neuroendocrine
carcinoma associated with X-linked hyperimmunoglobulin M syndrome, Arch.
Pathol. Lab. Med. 132 (2008) 847–850.

[115] M. Erdos, M. Garami, E. Rakoczi, A. Zalatnai, D. Steinbach, U. Baumann,
G. Kropshofer, B. Toth, L. Marodi, Neuroendocrine carcinoma associated with X-
linked hyper-immunoglobulin M syndrome: report of four cases and review of the
literature, Clin. Immunol. 129 (2008) 455–461.

[116] R.R. Broaddus, C.E. Herzog, M.J. Hicks, Neuroendocrine tumors (carcinoid and
neuroendocrine carcinoma) presenting at extra-appendiceal sites in childhood and
adolescence, Arch. Pathol. Lab. Med. 127 (2003) 1200–1203.

[117] S.A. Hussain, R. Ganesan, L. Hiller, P.W. Cooke, P. Murray, L.S. Young,
N.D. James, BCL2 expression predicts survival in patients receiving synchronous
chemoradiotherapy in advanced transitional cell carcinoma of the bladder, Oncol.
Rep. 10 (2003) 571–576.

[118] A. Hirano, D.L. Longo, D.D. Taub, D.K. Ferris, L.S. Young, A.G. Eliopoulos,
A. Agathanggelou, N. Cullen, J. Macartney, W.C. Fanslow, W.J. Murphy,
Inhibition of human breast carcinoma growth by a soluble recombinant human
CD40 ligand, Blood 93 (1999) 2999–3007.

[119] M.R. Posner, L.A. Cavacini, M.P. Upton, K.C. Tillman, E.R. Gornstein, C.M. Norris
Jr., Surface membrane-expressed CD40 is present on tumor cells from squamous
cell cancer of the head and neck in vitro and in vivo and regulates cell growth in
tumor cell lines, Clin. Cancer Res. 5 (1999) 2261–2270.

[120] B. Koppold, G. Sauer, H. Buning, M. Hallek, R. Kreienberg, H. Deissler,
C. Kurzeder, Efficient gene transfer of CD40 ligand into ovarian carcinoma cells
with a recombinant adeno-associated virus vector, Int. J. Oncol. 26 (2005)
95–101.

[121] U. Bugajska, N.T. Georgopoulos, J. Southgate, P.W. Johnson, P. Graber, J. Gordon,
P.J. Selby, L.K. Trejdosiewicz, The effects of malignant transformation on sus-
ceptibility of human urothelial cells to CD40-mediated apoptosis, J. Natl. Cancer
Inst. 94 (2002) 1381–1395.

[122] A. Gologan, A.R. Sepulveda, Microsatellite instability and DNA mismatch repair
deficiency testing in hereditary and sporadic gastrointestinal cancers, Clin. Lab.
Med. 25 (2005) 179–196.

[123] E. Lopez-Granados, S.T. Temmerman, L. Wu, J.C. Reynolds, D. Follmann, S. Liu,
D.L. Nelson, F. Rauch, A. Jain, Osteopenia in X-linked hyper-IgM syndrome reveals
a regulatory role for CD40 ligand in osteoclastogenesis, Proc. Natl. Acad. Sci. USA.
104 (2007) 5056–5061.

[124] S. Weller, M.C. Braun, B.K. Tan, A. Rosenwald, C. Cordier, M.E. Conley, A. Plebani,

D.S. Kumararatne, D. Bonnet, O. Tournilhac, G. Tchernia, B. Steiniger, L.M. Staudt,
J.L. Casanova, C.A. Reynaud, J.C. Weill, Human blood IgM "memory" B cells are
circulating splenic marginal zone B cells harboring a prediversified im-
munoglobulin repertoire, Blood 104 (2004) 3647–3654.

[125] R. Ameratunga, H.M. Lederman, K.E. Sullivan, H.D. Ochs, K. Seyama, J.K. French,
R. Prestidge, J. Marbrook, W.C. Fanslow, J.A. Winkelstein, Defective antigen-in-
duced lymphocyte proliferation in the X-linked hyper-IgM syndrome, J. Pediatr.
131 (1997) 147–150.

[126] R. Fuleihan, N. Ramesh, A. Horner, D. Ahern, P.J. Belshaw, D.G. Alberg,
I. Stamenkovic, W. Harmon, R.S. Geha, Cyclosporin A inhibits CD40 ligand ex-
pression in T lymphocytes, J. Clin. Invest. 93 (1994) 1315–1320.

[127] D.P. Inwald, M.J. Peters, D. Walshe, A. Jones, E.G. Davies, N.J. Klein, Absence of
platelet CD40L identifies patients with X-linked hyper IgM syndrome, Clin. Exp.
Immunol. 120 (2000) 499–502.

[128] D. Brugnoni, P. Airo, D. Graf, M. Marconi, M. Lebowitz, A. Plebani, S. Giliani,
F. Malacarne, R. Cattaneo, A.G. Ugazio, et al., Ineffective expression of CD40 li-
gand on cord blood T cells may contribute to poor immunoglobulin production in
the newborn, Eur. J. Immunol. 24 (1994) 1919–1924.

[129] N. Mekki, I. Ben-Mustapha, M. Ben-Ali, L. Boughammoura, N. Guediche, M.T. Sfar,
A. Sammoud, M. Hchicha, A. Mahfoudh, J. Chemli, M. Bejaoui, M.R. Barbouche,
Mycobacterial infections in tunisian primary immunodeficiency patients, J. Clin.
Immunol. 34 (2014) S255–S256.

[130] M. Farrington, L.S. Grosmaire, S. Nonoyama, S.H. Fischer, D. Hollenbaugh,
J.A. Ledbetter, R.J. Noelle, A. Aruffo, H.D. Ochs, CD40 ligand expression is de-
fective in a subset of patients with common variable immunodeficiency, Proc.
Natl. Acad. Sci. USA. 91 (1994) 1099–1103.

[131] J.E. Burke, R.L. Williams, Synergy in activating class I PI3Ks, Trends Biochem. Sci.
40 (2015) 88–100.

[132] L.C. Schneider, X-linked hyper IgM syndrome, Clin. Rev. Allergy Immunol. 19
(2000) 205–215.

[133] B. Al-Saud, H. Al-Mousa, A. Al-Ahmari, A. Al-Ghonaium, M. Ayas, S. Alhissi, S. Al-
Muhsen, A. Al-Seraihy, R. Arnaout, H. Al-Dhekri, A. Hawwari, Hematopoietic stem
cell transplant for hyper-IgM syndrome due to CD40L defects: A single-center
experience, Pediatr. Transplant 19 (2015) 634–639.

[134] H. Suzuki, Y. Takahashi, H. Miyajima, Progressive multifocal leukoencephalo-
pathy complicating X-linked hyper-IgM syndrome in an adult, Int. Med. 45 (2006)
1187–1188.

[135] G. Azizi, H. Abolhassani, M. Hosein Asgardoon, J. Rahnavard, R. Yazdani,
J. Mohammadi, A. Aghamohammadi, The use of immunoglobulin therapy in pri-
mary immunodeficiency diseases, Endocr. Metab. Immun. Disord.-Drug Targets 16
(2016) 80–88 (Formerly Current Drug Targets-Immune, Endocrine & Metabolic
Disorders).

[136] H. Abolhassani, M.S. Sadaghiani, A. Aghamohammadi, H.D. Ochs, N. Rezaei,
Home-based subcutaneous immunoglobulin versus hospital-based intravenous
immunoglobulin in treatment of primary antibody deficiencies: systematic review
and meta analysis, J. Clin. immunol. 32 (2012) 1180–1192.

[137] N. Rezaei, H. Abolhassani, A. Aghamohammadi, H.D. Ochs, Indications and safety
of intravenous and subcutaneous immunoglobulin therapy, Expert Rev. Clin.
Immunol. 7 (2011) 301–316.

[138] W.C. Wang, J. Cordoba, A.J. Infante, M.E. Conley, Successful treatment of neu-
tropenia in the hyper-immunoglobulin M syndrome with granulocyte colony-sti-
mulating factor, Am. J. Pediatr. Hematol. Oncol. 16 (1994) 160–163.

[139] J. Mclauchlin, C.F. Amar, S. Pedraza-dÍaz, G. Mieli-Vergani, N. Hadzic,
E.G. Davies, Polymerase chain reaction-based diagnosis of infection with
Cryptosporidium in children with primary immunodeficiencies, Pediatr. Infect.
Dis. J. 22 (2003) 329–334.

[140] N. Hadzic, A. Pagliuca, M. Rela, B. Portmann, A. Jones, P. Veys, N.D. Heaton,
G.J. Mufti, G. Mieli-Vergani, Correction of the hyper-IgM syndrome after liver and
bone marrow transplantation, New Engl. J. Med. 342 (2000) 320–324.

[141] E. Festic, O. Gajic, A.H. Limper, T.R. Aksamit, Acute respiratory failure due to
pneumocystis pneumonia in patients without human immunodeficiency virus in-
fection: outcome and associated features, Chest 128 (2005) 573–579.

[142] A.R. Gennery, K. Khawaja, P. Veys, R.G. Bredius, L.D. Notarangelo, E. Mazzolari,
A. Fischer, P. Landais, M. Cavazzana-Calvo, W. Friedrich, A. Fasth, N.M. Wulffraat,
S. Matthes-Martin, D. Bensoussan, P. Bordigoni, A. Lange, A. Pagliuca,
M. Andolina, A.J. Cant, E.G. Davies, Treatment of CD40 ligand deficiency by he-
matopoietic stem cell transplantation: a survey of the European experience,
1993–2002, Blood 103 (2004) 1152–1157.

[143] F. Candotti, K.L. Shaw, L. Muul, D. Carbonaro, R. Sokolic, C. Choi, S.H. Schurman,
E. Garabedian, C. Kesserwan, G.J. Jagadeesh, P.Y. Fu, E. Gschweng, A. Cooper,
J.F. Tisdale, K.I. Weinberg, G.M. Crooks, N. Kapoor, A. Shah, H. Abdel-Azim,
X.J. Yu, M. Smogorzewska, A.S. Wayne, H.M. Rosenblatt, C.M. Davis, C. Hanson,
R.G. Rishi, X. Wang, D. Gjertson, O.O. Yang, A. Balamurugan, G. Bauer,
J.A. Ireland, B.C. Engel, G.M. Podsakoff, M.S. Hershfield, R.M. Blaese, R. Parkman,
D.B. Kohn, Gene therapy for adenosine deaminase-deficient severe combined
immune deficiency: clinical comparison of retroviral vectors and treatment plans,
Blood 120 (2012) 3635–3646.

[144] M. Cavazzana-Calvo, S. Hacein-Bey, G. de Saint Basile, F. Gross, E. Yvon,
P. Nusbaum, F. Selz, C. Hue, S. Certain, J.L. Casanova, P. Bousso, F.L. Deist,
A. Fischer, Gene therapy of human severe combined immunodeficiency (SCID)-X1
disease, Science 288 (2000) 669–672.

[145] H.B. Gaspar, E. Bjorkegren, K. Parsley, K.C. Gilmour, D. King, J. Sinclair, F. Zhang,
A. Giannakopoulos, S. Adams, L.D. Fairbanks, J. Gaspar, L. Henderson, J.H. Xu-
Bayford, E.G. Davies, P.A. Veys, C. Kinnon, A.J. Thrasher, Successful reconstitu-
tion of immunity in ADA-SCID by stem cell gene therapy following cessation of
PEG-ADA and use of mild preconditioning, Mol. Ther. 14 (2006) 505–513.

R. Yazdani et al. Clinical Immunology 198 (2019) 19–30

29

http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0505
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0505
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0510
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0510
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0515
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0515
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0515
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0515
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0520
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0520
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0520
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0520
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0525
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0525
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0525
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0530
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0530
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0530
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0535
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0535
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0535
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0540
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0540
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0540
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0540
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0545
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0545
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0545
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0550
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0550
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0550
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0555
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0555
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0555
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0560
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0560
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0560
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0565
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0565
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0565
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0565
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0570
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0570
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0570
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0575
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0575
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0575
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0575
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0580
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0580
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0580
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0580
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0585
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0585
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0585
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0585
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0590
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0590
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0590
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0590
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0595
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0595
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0595
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0595
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0600
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0600
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0600
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0605
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0605
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0605
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0605
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0610
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0610
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0610
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0610
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0610
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0615
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0615
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0615
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0615
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0620
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0620
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0620
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0625
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0625
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0625
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0630
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0630
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0630
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0630
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0635
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0635
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0635
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0635
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0640
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0640
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0640
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0640
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0645
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0645
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0650
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0650
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0655
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0655
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0655
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0655
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0660
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0660
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0660
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0665
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0665
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0665
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0665
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0665
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0670
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0670
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0670
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0670
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0675
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0675
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0675
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0680
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0680
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0680
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0685
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0685
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0685
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0685
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0690
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0690
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0690
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0695
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0695
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0695
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0700
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0705
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0710
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0710
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0710
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0710
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0715
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0715
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0715
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0715
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0715


[146] C.A. Montiel-Equihua, A.J. Thrasher, H.B. Gaspar, Gene therapy for severe com-
bined immunodeficiency due to adenosine deaminase deficiency, Curr. Gene Ther.
12 (2012) 57–65.

[147] K. Seyama, W.R. Osborne, H.D. Ochs, CD40 ligand mutants responsible for X-
linked hyper-IgM syndrome associate with wild type CD40 ligand, J. Biol. Chem.
274 (1999) 11310–11320.

[148] M.T. de la Morena, D. Leonard, T.R. Torgerson, O. Cabral-Marques, M. Slatter,
A. Aghamohammadi, S. Chandra, L. Murguia-Favela, F.A. Bonilla, M. Kanariou,
Long-term outcomes of 176 patients with X-linked hyper-IgM syndrome treated
with or without hematopoietic cell transplantation, J. Allergy Clin. Immunol. 139
(2017) 1282–1292.

[149] K. Mitsui-Sekinaka, K. Imai, H. Sato, D. Tomizawa, M. Kajiwara, M. Nagasawa,
T. Morio, S. Nonoyama, Clinical features and hematopoietic stem cell transplan-
tations for CD40 ligand deficiency in Japan, J. Allergy Clin. Immunol. 136 (2015)
1018–1024.

[150] C. Thomas, G. de Saint Basile, F. Le Deist, D. Theophile, M. Benkerrou, E. Haddad,
S. Blanche, A. Fischer, Correction of X-linked hyper-IgM syndrome by allogeneic
bone marrow transplantation, New Engl. J. Med. 333 (1995) 426–429.

[151] B.K. Al-Saud, Z. Al-Sum, H. Alassiri, A. Al-Ghonaium, S. Al-Muhsen, H. Al-Dhekri,
R. Arnaout, O. Alsmadi, E. Borrero, F. Rawas, Clinical, immunological, and mo-
lecular characterization of hyper-IgM syndrome due to CD40 deficiency in eleven
patients, J. Clin. Immunol. 33 (2013) 1325–1335.

[152] N. Kutukculer, S. Aksoylar, S. Kansoy, N. Cetingul, L.D. Notarangelo, Outcome of
hematopoietic stem cell transplantation in hyper-IgM syndrome caused by CD40
deficiency, The Journal of pediatrics 143 (2003) 141–142.

[153] A. Durandy, S. Peron, A. Fischer, Hyper-IgM syndromes, Curr. Opin. Rheumatol.
18 (2006) 369–376.

[154] T.P. Atkinson, C.A. Smith, Y.-M. Hsu, E. Garber, L. Su, T.H. Howard, J.T. Prchal,
M.P. Everson, M.D. Cooper, Leukocyte transfusion-associated granulocyte re-
sponses in a patient with X-linked hyper-IgM syndrome, J. Clin. Immunol. 18
(1998) 430–439.

[155] H.J. Zirkin, J. Levy, L. Katchko, Small cell undifferentiated carcinoma of the colon
associated with hepatocellular carcinoma in an immunodeficient patient, Hum.
Pathol. 27 (1996) 992–996.

[156] K. Hase, D. Takahashi, M. Ebisawa, S. Kawano, K. Itoh, H. Ohno, Activation-in-
duced cytidine deaminase deficiency causes organ-specific autoimmune disease,
PloS one 3 (2008) e3033.

[157] J.S. Orange, O. Levy, R.S. Geha, Human disease resulting from gene mutations that
interfere with appropriate nuclear factor-κB activation, Immunol. Rev. 203 (2005)
21–37.

[158] C.-H. Lin, W.-C. Lin, C.-H. Wang, Y.-J. Ho, I.-P. Chiang, C.-T. Peng, K.-H. Wu, Child
with ataxia telangiectasia developing acute myeloid leukemia, J. Clin. Oncol. 28
(2010) e213–e214.

[159] H.H. Chun, R.A. Gatti, Ataxia–telangiectasia, an evolving phenotype, DNA Rep. 3
(2004) 1187–1196.

[160] P.-O. Frappart, P.J. McKinnon, Ataxia-telangiectasia and related diseases,
Neuromol. Med. 8 (2006) 495–511.

[161] R. Micol, L.B. Slama, F. Suarez, L. Le Mignot, J. Beauté, N. Mahlaoui,
C.D. d’Enghien, A. Laugé, J. Hall, J. Couturier, Morbidity and mortality from
ataxia-telangiectasia are associated with ATM genotype, J. Allergy Clin. Immunol.
128 (2011) 382–389 (e381).

[162] M. Digweed, K. Sperling, Nijmegen breakage syndrome: clinical manifestation of
defective response to DNA double-strand breaks, DNA Rep. 3 (2004) 1207–1217.

[163] K. Chrzanowska, Microcephaly with chromosomal instability and im-
munodeficiency–Nijmegen syndrome, Pediatr. Polska 71 (1996) 223–234.

[164] P. Gardes, M. Forveille, M.A. Alyanakian, P. Aucouturier, D. Ilencikova, D. Leroux,
N. Rahner, F. Mazerolles, A. Fischer, S. Kracker, A. Durandy, Human MSH6 defi-
ciency is associated with impaired antibody maturation, J. Immunol. 188 (2012)
2023–2029.

[165] S.M. Offer, Q. Pan-Hammarstrom, L. Hammarstrom, R.S. Harris, Unique DNA re-
pair gene variations and potential associations with the primary antibody defi-
ciency syndromes IgAD and CVID, PLoS One 5 (2010) e12260.

[166] S. Kracker, M. Di Virgilio, J. Schwartzentruber, C. Cuenin, M. Forveille, M.-
C. Deau, K.M. McBride, J. Majewski, A. Gazumyan, S. Seneviratne, B. Grimbacher,
N. Kutukculer, Z. Herceg, M. Cavazzana, N. Jabado, M.C. Nussenzweig, A. Fischer,
A. Durandy, An inherited immunoglobulin class-switch recombination deficiency
associated with a defect in the INO80 chromatin remodeling complex, J. Allergy
Clin. Immunol. 135 (2015) 998–1007 (e1006).

[167] E. Castigli, S.A. Wilson, L. Garibyan, R. Rachid, F. Bonilla, L. Schneider, R.S. Geha,
TACI is mutant in common variable immunodeficiency and IgA deficiency, Nat.
Genet. 37 (2005) 829.

[168] U. Salzer, H.M. Chapel, A.D.B. Webster, Q. Pan-Hammarström, A. Schmitt-Graeff,
M. Schlesier, H.H. Peter, J.K. Rockstroh, P. Schneider, A.A. Schäffer,
L. Hammarström, B. Grimbacher, Mutations in TNFRSF13B encoding TACI are
associated with common variable immunodeficiency in humans, Nat. Genet. 37
(2005) 820.

[169] U. Salzer, C. Bacchelli, S. Buckridge, Q. Pan-Hammarström, S. Jennings,
V. Lougaris, A. Bergbreiter, T. Hagena, J. Birmelin, A. Plebani, A.D.B. Webster, H.-
H. Peter, D. Suez, H. Chapel, A. McLean-Tooke, G.P. Spickett, S. Anover-Sombke,
H.D. Ochs, S. Urschel, B.H. Belohradsky, S. Ugrinovic, D.S. Kumararatne,
T.C. Lawrence, A.M. Holm, J.L. Franco, I. Schulze, P. Schneider, E.M. Gertz,
A.A. Schäffer, L. Hammarström, A.J. Thrasher, H.B. Gaspar, B. Grimbacher,
Relevance of biallelic versus monoallelic TNFRSF13B mutations in distinguishing
disease-causing from risk-increasing TNFRSF13B variants in antibody deficiency
syndromes, Blood 113 (2009) 1967–1976.

[170] B. Grimbacher, A. Hutloff, M. Schlesier, E. Glocker, K. Warnatz, R. Dräger,
H. Eibel, B. Fischer, A.A. Schäffer, H.W. Mages, R.A. Kroczek, H.H. Peter,
Homozygous loss of ICOS is associated with adult-onset common variable im-
munodeficiency, Nat. Immunol. 4 (2003) 261.

[171] U. Salzer, A. Maul-Pavicic, C. Cunningham-Rundles, S. Urschel, B.H. Belohradsky,
J. Litzman, A. Holm, J.L. Franco, A. Plebani, L. Hammarstrom, A. Skrabl,
W. Schwinger, B. Grimbacher, ICOS deficiency in patients with common variable
immunodeficiency, Clin. Immunol. 113 (2004) 234–240.

[172] N. Vince, D. Boutboul, G. Mouillot, N. Just, M. Peralta, J.-L. Casanova,
M.E. Conley, J.-C. Bories, E. Oksenhendler, M. Malphettes, C. Fieschi, Defects in
the CD19 complex predispose to glomerulonephritis, as well as IgG1 subclass
deficiency, J. Allergy Clin. Immunol. 127 (2011) 538–541 (e535).

[173] K. Warnatz, U. Salzer, M. Rizzi, B. Fischer, S. Gutenberger, J. Böhm, A.-K. Kienzler,
Q. Pan-Hammarström, L. Hammarström, M. Rakhmanov, M. Schlesier,
B. Grimbacher, H.-H. Peter, H. Eibel, B-cell activating factor receptor deficiency is
associated with an adult-onset antibody deficiency syndrome in humans, Proc.
Natl. Acad. Sci. USA. 106 (2009) 13945–13950.

[174] G. Lopez-Herrera, G. Tampella, Q. Pan-Hammarström, P. Herholz, Claudia
M. Trujillo-Vargas, K. Phadwal, Anna K. Simon, M. Moutschen, A. Etzioni,
A. Mory, I. Srugo, D. Melamed, K. Hultenby, C. Liu, M. Baronio, M. Vitali,
P. Philippet, V. Dideberg, A. Aghamohammadi, N. Rezaei, V. Enright, L. Du,
U. Salzer, H. Eibel, D. Pfeifer, H. Veelken, H. Stauss, V. Lougaris, A. Plebani,
E.M. Gertz, Alejandro A. Schäffer, L. Hammarström, B. Grimbacher, Deleterious
mutations in LRBA are associated with a syndrome of immune deficiency and
autoimmunity, Am. J. Hum. Genet. 90 (2012) 986–1001.

[175] M. Fliegauf, V.L. Bryant, N. Frede, C. Slade, S.-T. Woon, K. Lehnert, S. Winzer,
A. Bulashevska, T. Scerri, E. Leung, A. Jordan, B. Keller, E. de Vries, H. Cao,
F. Yang, Alejandro A. Schäffer, K. Warnatz, P. Browett, J. Douglass, Rohan
V. Ameratunga, Jos W.M. van der Meer, B. Grimbacher, Haploinsufficiency of the
NF-&#x3ba;B1 subunit p50 in common variable immunodeficiency, Am. J. Hum.
Genet. 97 (2015) 389–403.

[176] A. Finck, J.W.M. Van der Meer, A.A. Schäffer, J. Pfannstiel, C. Fieschi, A. Plebani,
A.D.B. Webster, L. Hammarström, B. Grimbacher, Linkage of autosomal-dominant
common variable immunodeficiency to chromosome 4q, Eur. J. Hum. Genet. 14
(2006) 867.

[177] M.J. Ombrello, E.F. Remmers, G. Sun, A.F. Freeman, S. Datta, P. Torabi-Parizi, N.
Subramanian, T.D. Bunney, R.W. Baxendale, M.S. Martins, N. Romberg, H.
Komarow, I. Aksentijevich, H.S. Kim, J. Ho, G. Cruse, M.-Y. Jung, A.M. Gilfillan, D.
D. Metcalfe, C. Nelson, M. O'Brien, L. Wisch, K. Stone, D.C. Douek, C. Gandhi, A.A.
Wanderer, H. Lee, S.F. Nelson, K.V. Shianna, E.T. Cirulli, D.B. Goldstein, E.O.
Long, S. Moir, E. Meffre, S.M. Holland, D.L. Kastner, M. Katan, H.M. Hoffman, J.D.
Milner, Cold urticaria, immunodeficiency, and autoimmunity related to PLCG2
deletions, New Engl. J. Med., 366 (2012) 330–338.

[178] Q. Zhou, G.-S. Lee, J. Brady, S. Datta, M. Katan, A. Sheikh, Marta S. Martins, Tom
D. Bunney, Brian H. Santich, S. Moir, Douglas B. Kuhns, Debra A.L. Priel,
A. Ombrello, D. Stone, M.J. Ombrello, J. Khan, J.D. Milner, Daniel L. Kastner,
I. Aksentijevich, A hypermorphic missense mutation in PLCG2, encoding phos-
pholipase C&#x3b3;2, causes a dominantly inherited autoinflammatory disease
with immunodeficiency, Am. J. Hum. Genet. 91 (2012) 713–720.

[179] K. Schwarz, G.H. Gauss, L. Ludwig, U. Pannicke, Z. Li, D. Lindner, W. Friedrich,
R.A. Seger, T.E. Hansen-Hagge, S. Desiderio, M.R. Lieber, C.R. Bartram, RAG
mutations in human B cell-negative SCID, Science 274 (1996) 97–99.

[180] C.A. Gomez, L.M. Ptaszek, A. Villa, F. Bozzi, C. Sobacchi, E.G. Brooks,
L.D. Notarangelo, E. Spanopoulou, Z.Q. Pan, P. Vezzoni, P. Cortes, S. Santagata,
Mutations in conserved regions of the predicted RAG2 kelch repeats block in-
itiation of V(D)J recombination and result in primary immunodeficiencies, Mol.
Cell. Biol. 20 (2000) 5653–5664.

[181] A. Villa, S. Santagata, F. Bozzi, S. Giliani, A. Frattini, L. Imberti, L.B. Gatta,
H.D. Ochs, K. Schwarz, L.D. Notarangelo, P. Vezzoni, E. Spanopoulou, Partial V(D)
J recombination activity leads to Omenn syndrome, Cell 93 (1998) 885–896.

[182] U. Tabori, Z. Mark, N. Amariglio, A. Etzioni, H. Golan, B. Biloray, A. Toren,
G. Rechavi, I. Dalal, Detection of RAG mutations and prenatal diagnosis in families
presenting with either T–B–severe combined immunodeficiency or Omenn's syn-
drome, Clin. Genet. 65 (2004) 322–326.

[183] H.L. Grierson, J. Skare, J. Hawk, M. Pauza, D.T. Purtilo, Immunoglobulin class and
subclass deficiencies prior to Epstein-Barr virus infection in males with X-linked
lymphoproliferative disease, Am. J. Med. Genet. 40 (1991) 294–297.

R. Yazdani et al. Clinical Immunology 198 (2019) 19–30

30

http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0720
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0720
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0720
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0725
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0725
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0725
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0730
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0730
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0730
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0730
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0730
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0735
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0735
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0735
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0735
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0740
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0740
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0740
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0745
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0745
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0745
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0745
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0750
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0750
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0750
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0755
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0755
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0760
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0760
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0760
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0760
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0765
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0765
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0765
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0770
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0770
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0770
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0775
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0775
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0775
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0780
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0780
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0780
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0785
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0785
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0790
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0790
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0795
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0795
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0795
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0795
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0800
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0800
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0805
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0805
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0810
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0810
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0810
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0810
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0815
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0815
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0815
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0820
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0825
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0825
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0825
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0830
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0830
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0830
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0830
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0830
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0835
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0840
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0840
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0840
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0840
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0845
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0845
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0845
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0845
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0850
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0850
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0850
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0850
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0855
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0855
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0855
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0855
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0855
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0860
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0865
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0870
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0870
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0870
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0870
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0875
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0880
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0880
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0880
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0885
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0885
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0885
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0885
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0885
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0890
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0890
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0890
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0895
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0895
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0895
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0895
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0900
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0900
http://refhub.elsevier.com/S1521-6616(18)30639-9/rf0900

	The hyper IgM syndromes: Epidemiology, pathogenesis, clinical manifestations, diagnosis and management
	Introduction
	Epidemiology
	Pathogenesis
	CD40L and CD40 mutations
	AICDA and UNG mutations
	PI3KR1 and PI3KCD mutations
	NEMO and IKBA mutations
	DNA repair genes mutations
	Other mutations

	Clinical manifestations
	Infections
	Autoimmunity and inflammatory disorders
	Lymphoproliferation and malignancies
	Other complications

	Diagnosis of HIGM syndromes
	Clinical diagnosis
	Detailed immunologic and laboratory diagnosis

	Management of HIGM syndromes
	Prognosis
	Conclusion
	Conflicts of interest
	Funding
	References




